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Performance assessment allows detection of performance degradation in the control loop by

comparing the actual performance to a benchmark. A common benchmark is the minimum variance from

the closed-loop minimum variance control. The minimum variance can be calculated from time-series

analysis of the measured output. The analysis of time-series is formulated as the least squares problem.

However, general measured output signals are corrupted by errors and modelled as the actual output plus

the error or uncertainty. We define a new benchmark called the robust minimum variance and developa

method to compute the time-series of the uncertain output signals which is the robust least squares

problem. Its numerical solution can be obtained by solving the second order cone programming, a class of

convex optimization problems. Finally, we illustrate the example by simulating the performance assessment

to a load frequency control of an isolated power system and applying the performance assessment to the

heat exchanger control system to compare the performance indexes based on both benchmarks. The results

show that the performance index based on the robust minimum variance is more realistic and effectively

indicate the change in the control loop more clearly than the performance index based on minimum

variance.
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º·¹íÒ

¡ÃÐºÇ¹¡ÒÃ·Ò§ÍØµÊÒË¡ÃÃÁ»ÃÐ¡Íº´‰ÇÂÇ§¤Çº¤ØÁÁÒ¡ÁÒÂ áÅÐÇ§¤Çº¤ØÁÊˆÇ¹ãË­ˆ¶Ù¡ÍÍ¡áºº

à¾×èÍãË‰ÊÑ­­Ò³ÍÍ¡¨ÃÔ§ (actual output)ËÃ×ÍµÑÇá»Ã·Õè¶Ù¡¤Çº¤ØÁ (controlled variable)ÁÕ¤ˆÒã¡Å‰à¤ÕÂ§¡Ñº

¤ˆÒ·Õè¾Ö§»ÃÐÊ§¤Œ (desired-value)¢³Ð·ÕèÁÕ¼Å¨Ò¡ÊÑ­­Ò³Ãº¡Ç¹µˆÍÇ§¤Çº¤ØÁ. ÊÑ­­Ò³Ãº¡Ç¹ã¹¡ÃÐºÇ¹

¡ÒÃ·Ò§ÍØµÊÒË¡ÃÃÁÊˆÇ¹ãË­ˆà»“¹ÊÑ­­Ò³ÊØˆÁ¤ˆÒ (random signal). ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº

¤ØÁ ÊÑ­­Ò³ÊØˆÁ¤ˆÒÁÑ¡¶Ù¡¨íÒÅÍ§´‰ÇÂÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ (white noise).àÃÒ¾Ô¨ÒÃ³ÒÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº

¤ØÁ¨Ò¡¤ˆÒ¡íÒÅÑ§ÊÍ§à©ÅÕèÂ (mean square value)¢Í§¤ˆÒ¤ÅÒ´à¤Å×èÍ¹ÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡¨ÃÔ§¡Ñº¤ˆÒ·Õè¾Ö§

»ÃÐÊ§¤Œ «Öè§àÃÒàÃÕÂ¡¤ˆÒ´Ñ§¡ÅˆÒÇÇˆÒ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡. ¶‰Ò¡ÒÃ¤Çº¤ØÁËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹µˆÒ§æ

¢Í§Ç§¤Çº¤ØÁäÁˆ´Õà¾ÕÂ§¾Í ¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡¨ÐÁÕ¤ˆÒÊÙ§, áµˆ¶‰Ò¡ÒÃ¤Çº¤ØÁËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ

§Ò¹¢Í§Ç§¤Çº¤ØÁ´Õ ¤ˆÒá»Ã»ÃÇ¹¨ÐÁÕ¤ˆÒµíèÒ. ´Ñ§¹Ñé¹àËµØ¼Åã¹¡ÒÃãª‰¤ˆÒá»Ã»ÃÇ¹à»“¹µÑÇ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¢Í§Ç§¤Çº¤ØÁ¤×Í ¤ÇÒÁÊÑÁ¾Ñ¹¸Œâ´ÂµÃ§ÃÐËÇˆÒ§¤ˆÒá»Ã»ÃÇ¹¡ÑºÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ [1].

à¾×èÍãË‰Ç§¤Çº¤ØÁ·íÒ§Ò¹ÍÂˆÒ§ÁÕ»ÃÐÊÔ·¸ÔÀÒ¾ àÃÒµ‰Í§à½„ÒµÃÇ¨ÊÁÃÃ¶¹Ð (performance monitoring)

áÅÐ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð (performance assessment)¢Í§Ç§¤Çº¤ØÁÍÂÙˆàÊÁÍ. ¡ÒÃà½„ÒµÃÇ¨áÅÐ¡ÒÃ

»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¨Ðµ‰Í§äÁˆÊˆ§¼Å¡ÃÐ·ºã´æ ·Õèà»“¹¡ÒÃÃº¡Ç¹¡ÒÃ·íÒ§Ò¹¢Í§Ç§¤Çº¤ØÁ áÅÐ¤ÇÃ¡ÃÐ·íÒ

ÀÒÂãµ‰ÊÀÒÇÐÇ§»”´. ¡ÒÃà½„ÒµÃÇ¨ÊÁÃÃ¶¹Ð¨ÐãË‰¢‰ÍÁÙÅ·ÕèáÊ´§ÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹¢Í§Ç§¤Çº¤ØÁ áÅÐ

¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¨ÐªÕéºˆ§¡ÒÃà»ÅÕèÂ¹á»Å§·Õè·íÒãË‰ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁàÅÇÅ§. àÃÒ¨Ö§¹íÒ¼Å¡ÒÃà½„Ò

µÃÇ¨áÅÐ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁÁÒãª‰à»“¹¢‰ÍÁÙÅ à¾×èÍµÃÇ¨ÊÍºáÅÐ»ÃÑº»ÃØ§»ÃÐÊÔ·¸ÔÀÒ¾

¡ÒÃ·íÒ§Ò¹¢Í§Ç§¤Çº¤ØÁã¹¡ÃÐºÇ¹¡ÒÃÍØµÊÒË¡ÃÃÁ. â´Â·ÑèÇä»àÃÒ¨Ð»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ

¨Ò¡¡ÒÃà»ÃÕÂºà·ÕÂºÊÁÃÃ¶¹Ð¨ÃÔ§¢Í§Ç§¤Çº¤ØÁ¡ÑºÊÁÃÃ¶¹Ð·Õè¡íÒË¹´äÇ‰à»“¹¤ˆÒÁÒµÃ°Ò¹ (benchmark).

¤ˆÒÁÒµÃ°Ò¹·Õè¹ÔÂÁãª‰¤×Í ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

(minimum variance control) [2, 3, 4].¤ˆÒÁÒµÃ°Ò¹¹ÕéÁÕª×èÍàÃÕÂ¡ÍÕ¡ª×èÍË¹Öè§ÇˆÒ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ (minimum

variance).

à¹×èÍ§¨Ò¡ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§¡ÒÃ¤Çº¤ØÁ ¤×Í¡ÒÃÅ´¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡. àÃÒ¨Ö§¹ÔÂÒÁ´ÃÃª¹Õ

ÊÁÃÃ¶¹Ðà»“¹ÍÑµÃÒÊˆÇ¹¢Í§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´µˆÍ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÃÔ§ â´Â¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ (time series) ¢Í§ÊÑ­­Ò³ÍÍ¡. Í¹Ø¡ÃÁàÇÅÒ·ÕèàÃÒÇÔà¤ÃÒÐËŒ¹Ñé¹à»“¹

Í¹Ø¡ÃÁàÇÅÒã¹ÃÙ»áºº¨íÒÅÍ§¢Í§Ç§¤Çº¤ØÁ»”´. àÃÒ¤íÒ¹Ç³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§Í¹Ø¡ÃÁàÇÅÒä´‰¨Ò¡¡ÒÃËÒ

àÍ¡ÅÑ¡É³Œ (identification)¢Í§Ç§¤Çº¤ØÁ»”´ â´Âãª‰¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ (least squares problem)

à»“¹à¤Ã×èÍ§Á×Íã¹¡ÒÃ¤íÒ¹Ç³. ¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§Ç§¤Çº¤ØÁ»”´à»“¹¡ÒÃËÒ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ

¢Í§áºº¨íÒÅÍ§ â´Âãª‰ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁà»“¹¢‰ÍÁÙÅã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ. ËÅÑ¡¡ÒÃ¢Í§

ÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤×Í ·íÒãË‰¼ÅÃÇÁ¡íÒÅÑ§ÊÍ§¢Í§¤ˆÒ¤ÅÒ´à¤Å×èÍ¹ÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡¨ÃÔ§¡ÑºÊÑ­­Ò³
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ÍÍ¡·Õèä´‰¨Ò¡áºº¨íÒÅÍ§ÁÕ¤ˆÒµíèÒÊØ´. ·Õè¼ˆÒ¹ÁÒ ¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§Ç§¤Çº¤ØÁ»”´äÁˆä´‰¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆ

á¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅã¹¡ÒÃá¡‰»’­ËÒ. áµˆã¹·Ò§»¯ÔºÑµÔ ¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡·Õèä´‰¨Ò¡ÃÐºº¨ÃÔ§ÁÑ¡ÁÕ¤ÇÒÁäÁˆ

á¹ˆ¹Í¹ÃÇÁÍÂÙˆ´‰ÇÂ. ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅÍÒ¨à¡Ô´¨Ò¡¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹¢Í§µÑÇµÃÇ¨ÃÙ‰ã¹¡ÒÃà¡çº¢‰Í

ÁÙÅ, ¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ, ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒËÃ×Íâ¤Ã§ÊÃ‰Ò§¢Í§µÑÇ

¤Çº¤ØÁ ËÃ×Íà¡Ô´¨Ò¡¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³Ãº¡Ç¹. àÃÒ¨Ö§»ÃÑº»ÃØ§ÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³¤ˆÒ

¾ÒÃÒÁÔàµÍÃŒ¢Í§Í¹Ø¡ÃÁàÇÅÒ ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ÁÒà»“¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§

·¹ (robust least squares: RLS).¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ [5] à»“¹¡ÒÃá¡‰»’­ËÒ·Õè¾Ô¨ÒÃ³Ò

¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅã¹¡ÒÃËÒ¤íÒµÍº áÅÐÁÕ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§ (second-order cone pro-

gramming: SOCP) [6]à»“¹à¤Ã×èÍ§Á×Íã¹¡ÒÃá¡‰»’­ËÒ.

1.1 §Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒ

ÇÔ¸Õ¡ÒÃáÅÐÁÒµÃ°Ò¹¢Í§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐÊíÒËÃÑºÇ§¤Çº¤ØÁã´æ ¢Öé¹¡ÑºÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§¡ÒÃ

¤Çº¤ØÁ. â´Â·ÑèÇä» ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§¡ÒÃ¤Çº¤ØÁã¹¡ÃÐºÇ¹¡ÒÃÍØµÊÒË¡ÃÃÁ¤×Í¡ÒÃÅ´¤ˆÒá»Ã»ÃÇ¹¢Í§

ÊÑ­­Ò³ÍÍ¡ Â¡µÑÇÍÂˆÒ§àªˆ¹ ¡ÒÃ¤Çº¤ØÁ¤ˆÒ¤ÇÒÁ¶ÕèàºÕèÂ§àº¹ áÅÐ¡ÒÃ¤Çº¤ØÁ¤ˆÒ¡íÒÅÑ§ä¿¿„ÒàºÕèÂ§àº¹

ã¹ÃÐººä¿¿„Ò¡íÒÅÑ§, ¡ÒÃ¤Çº¤ØÁ¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¤ÇÒÁË¹×´¢Í§ÊÒÃã¹¡ÃÐºÇ¹¡ÒÃËÅÍÁâ¾ÅÔàÁÍÃŒ,

¡ÒÃ¤Çº¤ØÁ¡ÒÃà»ÅÕèÂ¹á»Å§ÍØ³ËÀÙÁÔ¢Í§¼ÅÔµÀÑ³±Œ·ÕèÂÍ´ËÍ ËÃ×Í¡ÒÃà»ÅÕèÂ¹á»Å§¤ÇÒÁà¢‰Á¢‰¹¢Í§¼ÅÔµ

ÀÑ³±Œã¹¡ÃÐºÇ¹¡ÒÃ¡ÅÑè¹ à»“¹µ‰¹. ´Ñ§¹Ñé¹¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¨Ö§à»“¹¤ˆÒÁÒµÃ°Ò¹·Õè¹ÔÂÁãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ. ÅíÒ´ÑºµˆÍä» à»“¹¡ÒÃ¹íÒàÊ¹Í§Ò¹ÇÔ¨ÑÂ·Õèà¡ÕèÂÇ¢‰Í§¡Ñº¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Â

ãª‰¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»“¹¤ˆÒÁÒµÃ°Ò¹ÍÂˆÒ§ÊÑ§à¢».

• K. J. Åström áÅÐ B. Wittenmark [7] ¹íÒàÊ¹Í¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÊíÒËÃÑº¡ÃÐºÇ¹¡ÒÃ

ÁÕàÊ¶ÕÂÃÀÒ¾áÅÐÁÕà¿ÊµíèÒÊØ´. ¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»“¹¡ÒÃ¤Çº¤ØÁ·ÕèÇÒ§¢ÑéÇ¢Í§Ç§¤Çº¤ØÁ

»”´·Ø¡µÑÇäÇ‰·Õè¨Ø´¡íÒà¹Ô´ à¾×èÍ·íÒãË‰ÊÑ­­Ò³ÍÍ¡ËÃ×ÍÊÑ­­Ò³¤ÅÒ´à¤Å×èÍ¹¢Í§Ç§¤Çº¤ØÁ»”´ÁÕ¤ˆÒà»“¹

ÈÙ¹ÂŒÀÒÂã¹ªˆÇ§àÇÅÒ¨íÒ¡Ñ´ â´ÂªˆÇ§àÇÅÒ¨íÒ¡Ñ´ÁÕ¤ˆÒà·ˆÒ¡ÑºàÇÅÒ»ÃÐÇÔ§¢Í§¡ÃÐºÇ¹¡ÒÃ.

• T. J. Harris [8] ¹íÒàÊ¹Í¡ÒÃãª‰¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ à»“¹¤ˆÒÁÒµÃ°Ò¹ÊíÒËÃÑº¤íÒ¹Ç³¤ˆÒ

´ÃÃª¹ÕÊÁÃÃ¶¹Ð à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁã´æ. Ç§¤Çº¤ØÁ»”´·Õè

¾Ô¨ÒÃ³Òà»“¹Ç§¤Çº¤ØÁáºº»„Í¹¡ÅÑº áÅÐ¡ÃÐºÇ¹¡ÒÃã¹Ç§¤Çº¤ØÁà»“¹¡ÃÐºÇ¹¡ÒÃ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾

áÅÐÁÕà¿ÊµíèÒÊØ´. Harris ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¨Ò¡¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§Í¹Ø¡ÃÁ

àÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´.

• N. Stanfelj, T. E. MarlináÅÐ J. F. Macgregor [1]àÊ¹Í¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰¤ˆÒÁÒµÃ°Ò¹·Õè

¹íÒàÊ¹Íâ´Â Harris à»“¹¤ˆÒÁÒµÃ°Ò¹ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁáºº»„Í¹¡ÅÑºáÅÐáºº

»„Í¹¢‰Ò§Ë¹‰Ò.

• C. B. LyncháÅÐ G. A. Dumont [9]¹íÒàÊ¹Í¡ÒÃãª‰áºº¨íÒÅÍ§ Laguerruà»“¹áºº¨íÒÅÍ§¢Í§Ç§¤Çº

¤ØÁ»”´ á·¹¡ÒÃãª‰áºº¨íÒÅÍ§Í¹Ø¡ÃÁàÇÅÒ.
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• A. Horch áÅÐ A. J. Isaksson [10]àÊ¹Í¡ÒÃ»ÃÑº»ÃØ§¤ˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹Ð·ÕèÃÔàÃÔèÁâ´Â Harris â´Â

à»ÃÕÂºà·ÕÂº¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÃÔ§ ¡Ñº¤ˆÒÁÒµÃ°Ò¹¨Ò¡¡ÒÃ¤Çº¤ØÁ·ÕèÇÒ§¢ÑéÇ¢Í§Ç§»”´Ë¹Öè§

¢ÑéÇäÇ‰µÃ§µíèÒáË¹ˆ§·Õèµ‰Í§¡ÒÃá·¹¡ÒÃà»ÃÕÂºà·ÕÂº¡Ñº¤ˆÒÁÒµÃ°Ò¹¨Ò¡¡ÒÃ¤Çº¤ØÁ·ÕèÇÒ§¢ÑéÇ¢Í§Ç§»”´·Ø¡

µÑÇäÇ‰·Õè¨Ø´¡íÒà¹Ô´.

• I. Campbell, D. Uduehi, A. OrdysáÅÐ G. V. Molen [11]¹íÒ¤ˆÒÁÒµÃ°Ò¹·Õè¹íÒàÊ¹Íâ´Â Harris ä»ãª‰

»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§¡ÃÐºÇ¹¡ÒÃ¤Çº¤ØÁ¤ÇÒÁà»“¹¡Ã´àºÊ (pH control).

¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ à¾×èÍãª‰¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð·Õè¡ÅˆÒÇÁÒ¢‰Ò§µ‰¹¹Ñé¹ µ‰Í§¡ÒÃÊÑ­­Ò³

ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´ÊíÒËÃÑº¡ÒÃ»ÃÐÁÒ³ËÒ¤ˆÒÁÒµÃ°Ò¹. áµˆ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹¹ÕéÂÑ§äÁˆä´‰¾Ô¨ÒÃ³Ò

¤ÇÒÁäÁˆ¹Í¹·ÕèÁÕÍÂÙˆã¹ÊÑ­­Ò³ÍÍ¡ ·íÒãË‰à¡Ô´á¹Ç¤ÇÒÁ¤Ô´·Õè¨Ð¹íÒ¤ÇÒÁäÁˆá¹ˆ¹Í¹·ÕèÁÕÍÂÙˆã¹ÊÑ­­Ò³ÍÍ¡

ÁÒ¾Ô¨ÒÃ³Òã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹à¾×èÍ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐµˆÍä».

1.2 ÇÑµ¶Ø»ÃÐÊ§¤Œ

ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁã¹¡ÃÐºÇ¹¡ÒÃÍØµÊÒË¡ÃÃÁ,

â´Âãª‰¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹à»“¹¤ˆÒÁÒµÃ°Ò¹ã¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð ÊíÒËÃÑº»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¢Í§Ç§¤Çº¤ØÁ. ·Ñé§¹ÕéàÃÒ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÁÒµÃ°Ò¹¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹.

1.3 ¢Íºà¢µÇÔ·ÂÒ¹Ô¾¹¸Œ

1. ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

à¾×èÍãª‰»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ.

2. ¾Ô¨ÒÃ³Ò»’¨¨ÑÂ·ÕèÊˆ§¼ÅµˆÍ´ÃÃª¹ÕÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ.

3. ¨íÒÅÍ§¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ áÅÐ»ÃÐÂØ¡µŒÇÔ¸Õ¡ÒÃ

»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡Ñº¡ÃÐºÇ¹¡ÒÃÍØµÊÒË¡ÃÃÁ ¤×Íà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹.

1.4 ¢Ñé¹µÍ¹¡ÒÃ´íÒà¹Ô¹§Ò¹

1. ÈÖ¡ÉÒ¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´.

2. ÈÖ¡ÉÒÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ÊíÒËÃÑºËÒàÍ¡ÅÑ¡É³Œ¢Í§Ç§¤Çº¤ØÁ»”´ à¾×èÍ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´.

3. ÈÖ¡ÉÒÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ÊíÒËÃÑºËÒàÍ¡ÅÑ¡É³Œ¢Í§Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ÊÑ­­Ò³

ÍÍ¡ à¾×èÍ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹.

4. ¾Ô¨ÒÃ³Ò»’¨¨ÑÂ·ÕèÁÕ¼ÅµˆÍ´ÃÃª¹ÕÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ»”´.

5. ·´ÊÍº¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºµÑÇÍÂˆÒ§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ.
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6. »ÃÐÂØ¡µŒãª‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡Ñºà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹.

7. ÊÃØ»¼ÅáÅÐà¢ÕÂ¹ÇÔ·ÂÒ¹Ô¾¹¸Œ.

1.5 »ÃÐâÂª¹Œ·Õè¤Ò´ÇˆÒ¨Ðä´‰ÃÑº

1. ÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÊíÒËÃÑº¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ.

2. ÇÔ¸Õ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐÊíÒËÃÑº¡ÃÐºÇ¹¡ÒÃÍØµÊÒË¡ÃÃÁ.

3. ÇÔà¤ÃÒÐËŒ»’¨¨ÑÂ·ÕèÁÕ¼ÅµˆÍ´ÃÃª¹ÕÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ.

1.6 â¤Ã§ÊÃ‰Ò§ÇÔ·ÂÒ¹Ô¾¹¸Œ

ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé»ÃÐ¡Íºä»´‰ÇÂà¹×éÍËÒ·Ñé§ËÁ´ 6 º·. ã¹áµˆÅÐº·¡ÅˆÒÇ¶Ö§à¹×éÍËÒµˆÒ§æ ´Ñ§µˆÍä»¹Õé

º··Õè 1 ¡ÅˆÒÇ¶Ö§¤ÇÒÁà»“¹ÁÒ ¤ÇÒÁÊíÒ¤Ñ­¢Í§»’­ËÒ ¢Íºà¢µ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ ¢Ñé¹µÍ¹¡ÒÃ´íÒà¹Ô¹

§Ò¹ áÅÐ»ÃÐâÂª¹Œ·Õè¤Ò´ÇˆÒ¨Ðä´‰ÃÑº.

º··Õè 2 ¹íÒàÊ¹Í¤³ÔµÈÒÊµÃŒ¾×é¹°Ò¹·Õèãª‰ã¹ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé. ã¹ÊˆÇ¹áÃ¡¨Ð¡ÅˆÒÇ¶Ö§»’­ËÒ¡íÒÅÑ§ÊÍ§

¹‰ÍÂÊØ´, »’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹áÅÐ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§. ã¹ÊˆÇ¹¶Ñ´ÁÒ¨Ð¡ÅˆÒÇ¶Ö§¡ÒÃ

ÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒÊÑ­­Ò³ÍÍ¡áÅÐ¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº. ã¹ÊˆÇ¹ÊØ´·‰ÒÂä´‰¡ÅˆÒÇ¶Ö§¡ÒÃÇÔà¤ÃÒÐËŒ

Í¹Ø¡ÃÁàÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ áÅÐ¹íÒàÊ¹Í¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐººà¾×èÍãª‰ã¹¡ÒÃ¤íÒ¹Ç³¾ÒÃÒÁÔàµÍÃŒ

¢Í§áºº¨íÒÅÍ§Í¹Ø¡ÃÁàÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹.

º··Õè 3 ¡ÅˆÒÇ¶Ö§¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ à¾×èÍ

¹íÒä»ÊÙˆ¹ÔÂÒÁ¢Í§´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ¨Ò¡¹Ñé¹¹íÒàÊ¹Í¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´ â´Âáºˆ§¤ˆÒÁÒµÃ°Ò¹´Ñ§¡ÅˆÒÇÍÍ¡à»“¹ÊÍ§»ÃÐàÀ· ¤×Í¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

áººàÍ áÅÐ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ.

º··Õè 4 ¡ÅˆÒÇ¶Ö§¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ áÅÐ¹ÔÂÒÁ¢Í§´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ «Öè§¢ÂÒÂ¼Å¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹¨Ò¡¡Ã³Õ·ÕèÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ä»ÊÙˆ

¡Ã³Õ·ÕèÁÕ¡ÒÃ¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹. ¨Ò¡¹Ñé¹¨Ð¹íÒàÊ¹Í¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹â´Âáºˆ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹´Ñ§¡ÅˆÒÇÍÍ¡à»“¹ÊÍ§»ÃÐàÀ· ¤×Í¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹áººàÍáÅÐ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ.

º··Õè 5 ¹íÒàÊ¹Í¡ÒÃ»ÃÐÂØ¡µŒãª‰¤ˆÒÁÒµÃ°Ò¹ ·Õèä´‰¡ÅˆÒÇã¹º··Õè 3 áÅÐº··Õè 4 ã¹¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹Ð¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹áÅÐÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ.

º··Õè 6 ÊÃØ»¼Å¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õé ¾Ã‰ÍÁ·Ñé§áÊ´§¢‰ÍàÊ¹Íá¹ÐËÑÇ¢‰Í·Õè¹ˆÒÈÖ¡ÉÒµˆÍä».



º··Õè 2

¤³ÔµÈÒÊµÃŒ¾×é¹°Ò¹

à¹×èÍ§¨Ò¡§Ò¹ÇÔ¨ÑÂ¹ÕéÁÕà¹×éÍËÒà¡ÕèÂÇ¢‰Í§¡Ñº»’­ËÒ¡ÒÃËÒ¤íÒµÍºËÃ×Í¾ÒÃÒÁÔàµÍÃŒ¢Í§ÃÐººàªÔ§àÊ‰¹,

º·¹Õé¨Ö§¹íÒàÊ¹Í¤³ÔµÈÒÊµÃŒ¾×é¹°Ò¹·Õèãª‰ã¹¡ÒÃá¡‰»’­ËÒ´Ñ§¡ÅˆÒÇ. ÊˆÇ¹áÃ¡¡ÅˆÒÇ¶Ö§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂ

ÊØ´áÅÐ»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ «Öè§à»“¹»’­ËÒ¡ÒÃËÒ¤íÒµÍº¢Í§ÃÐººàªÔ§àÊ‰¹. ·Ñé§¹Õéä´‰¹íÒàÊ¹Í¡ÒÃ

â»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§ «Öè§à»“¹»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´àªÔ§¤Í¹àÇ¡«Œ ·ÕèàÃÒãª‰à»“¹à¤Ã×èÍ§Á×Íã¹¡ÒÃ

ËÒ¤íÒµÍº¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹. µˆÍÁÒ¡ÅˆÒÇ¶Ö§¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒáÅÐ¹íÒàÊ¹Í¡ÒÃËÒ

àÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº «Öè§à»“¹¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒãË‰¡Ñºáºº¨íÒÅÍ§Í¹Ø¡ÃÁàÇÅÒ. ã¹µÍ¹·‰ÒÂ¹íÒàÊ¹Í¡ÒÃ

ÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ áÅÐ¹íÒàÊ¹Í¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒãË‰¡Ñºáºº¨íÒÅÍ§¢Í§Í¹Ø¡ÃÁ

àÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹.

2.1 »’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´

¾Ô¨ÒÃ³ÒÊÁ¡ÒÃàªÔ§àÊ‰¹

Ax ≈ b, (2.1)

àÁ×èÍ x ∈ Rm ¤×Í¤íÒµÍº¢Í§ÊÁ¡ÒÃ (2.1), A ∈ Rn×m à»“¹àÁ·ÃÔ¡«Œ¢‰ÍÁÙÅ·ÕèÁÕÍÑ¹´ÑºàµçÁ (full rank) áÅÐ

b ∈ Rn à»“¹àÇ¡àµÍÃŒ¢‰ÍÁÙÅ. ÊíÒËÃÑº x ã´æ àÃÒ¹ÔÂÒÁ¤ˆÒµ¡¤‰Ò§ (residue)ä´‰´Ñ§¹Õé

r = ‖Ax− b‖, (2.2)

â´Â·Õè ‖ · ‖ à»“¹¹ÍÃŒÁ¢Í§àÇ¡àµÍÃŒ. »’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´à»“¹¡ÒÃËÒ¤íÒµÍº x ·ÕèÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃ

(2.1) áÅÐ·íÒãË‰¤ˆÒµ¡¤‰Ò§ÁÕ¤ˆÒµíèÒÊØ´. ¡íÒË¹´ãË‰ xls à»“¹¤íÒµÍº¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ ¹Ñè¹¤×Í xls ·íÒ

ãË‰¤ˆÒµ¡¤‰Ò§ã¹ÊÁ¡ÒÃ (2.2) ÁÕ¤ˆÒµíèÒÊØ´. ¡ÒÃËÒ¤íÒµÍº xls àÃÔèÁ¨Ò¡¡ÒÃ¾Ô¨ÒÃ³Ò¤ˆÒ¡íÒÅÑ§ÊÍ§¢Í§¤ˆÒµ¡¤‰Ò§

´Ñ§¹Õé

r2 = xT AT Ax− 2bT Ax + bT b. (2.3)

¨Ò¡¹Ñé¹ËÒÍ¹Ø¾Ñ¹¸Œ¢Í§ r2 à·ÕÂº¡Ñº x áÅÐ¡íÒË¹´ãË‰Í¹Ø¾Ñ¹¸Œ´Ñ§¡ÅˆÒÇÁÕ¤ˆÒà·ˆÒ¡ÑºÈÙ¹ÂŒ ¹Ñè¹¤×Í

2xT AT A− 2bT A = 0. (2.4)

àÁ×èÍ¨Ñ´ÃÙ»ÊÁ¡ÒÃ (2.4) ãËÁˆ ¨Ðä´‰ÇˆÒ

AT Ax = AT b. (2.5)

¨Ò¡¤Ø³ÊÁºÑµÔÍÑ¹´ÑºàµçÁ¢Í§àÁ·ÃÔ¡«Œ A ·íÒãË‰àÁ·ÃÔ¡«Œ AT A ã¹ÊÁ¡ÒÃ (2.5) à»“¹àÁ·ÃÔ¡«Œ·ÕèÁÕµÑÇ¼¡¼Ñ¹.

àÁ×èÍ¤Ù³µÑÇ¼¡¼Ñ¹¢Í§àÁ·ÃÔ¡«Œ AT A ·Ñé§ÊÍ§¢‰Ò§¢Í§ÊÁ¡ÒÃ (2.5) ¾ºÇˆÒ¤íÒµÍº xls ¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§
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¹‰ÍÂÊØ´¤×Í

xls = (AT A)−1AT b. (2.6)

à¹×èÍ§¨Ò¡¡ÒÃËÒ¤íÒµÍº xls ¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´äÁˆä´‰¾Ô¨ÒÃ³Ò¼Å¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹·ÕèÁÕÍÂÙˆã¹

¢‰ÍÁÙÅ (A, b). àÃÒ¨Ö§¹íÒàÊ¹Í»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ã¹ËÑÇ¢‰Í¶Ñ´ä». »’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹

à»“¹»’­ËÒ¡ÒÃËÒ¤íÒµÍºã¹ÃÙ»áºº¤Å‰ÒÂ¡Ñº»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ áµˆÊÔè§·ÕèµˆÒ§¡Ñ¹¤×Í¡ÒÃ¾Ô¨ÒÃ³Ò¤ÇÒÁ

äÁˆá¹ˆ¹Í¹·ÕèÁÕÍÂÙˆã¹¢‰ÍÁÙÅ.

2.2 »’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹

¾Ô¨ÒÃ³ÒÊÁ¡ÒÃàªÔ§àÊ‰¹

(A + ∆A)x ≈ (b + ∆b), (2.7)

àÁ×èÍ A ∈ Rn×m, b ∈ Rn áÅÐ (A + ∆A, b + ∆b) à»“¹¢‰ÍÁÙÅ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ â´Â·Õè ∆ = [∆A ∆b]

à»“¹¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¢Í§¢‰ÍÁÙÅ (A, b) ¡ÅˆÒÇ¤×Í

‖∆‖2 ≤ ρ, ρ ≥ 0. (2.8)

ÊíÒËÃÑº x ã´æ àÃÒ¹ÔÂÒÁ¤ˆÒµ¡¤‰Ò§àÅÇÊØ´ä´‰´Ñ§¹Õé

r(A, b, ρ, x) , max
‖[∆A ∆b]‖2≤ρ

‖(A + ∆A)x− (b + ∆b)‖. (2.9)

»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹à»“¹»’­ËÒ¡ÒÃËÒ¤ˆÒ¤íÒµÍº x ∈ Rm ·ÕèÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃ (2.7) áÅÐ·íÒãË‰

¤ˆÒµ¡¤‰Ò§¡Ã³ÕàÅÇÊØ´ (worst-case residue)ÁÕ¤ˆÒµíèÒÊØ´. ¡íÒË¹´ãË‰ xrls à»“¹¤íÒµÍº¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂ

ÊØ´¤§·¹ ¹Ñè¹¤×Í xrls ·íÒãË‰¤ˆÒµ¡¤‰Ò§¡Ã³ÕàÅÇÊØ´ã¹ÊÁ¡ÒÃ (2.9) ÁÕ¤ˆÒµíèÒÊØ´. àÃÒÊÒÁÒÃ¶áÊ´§»’­ËÒ¡íÒÅÑ§

ÊÍ§¹‰ÍÂÊØ´¤§·¹ãË‰ÍÂÙˆã¹ÃÙ»»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´´Ñ§¹Õé

min
x

max
‖[∆A ∆b]‖2≤ρ

‖(A + ∆A)x− (b + ∆b)‖. (2.10)

¨Ò¡ÊÁ¡ÒÃ (2.9) àÁ×èÍ ρ = 0 àÃÒ¾ºÇˆÒ¤íÒµÍº xrls ÁÕ¤ˆÒà·ÕÂºà·ˆÒ¡Ñº¤íÒµÍº xrls. ã¹¡Ã³Õ·Õè ρ = 1 ¾ºÇˆÒ

r(A, b, ρ, x) = ρ r(A/ρ, b/ρ, 1, x/ρ). (2.11)

´Ñ§¹Ñé¹à¾×èÍ¤ÇÒÁÊÐ´Ç¡ã¹¡ÒÃ¾Ô¨ÒÃ³Ò»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ã¹¡Ã³Õ·Õè ρ = 1, ¨Ö§¡íÒË¹´ãË‰

r(A, b, x) = r(A, b, 1, x). (2.12)

µˆÍä»¹íÒàÊ¹Í·ÄÉ®Õº··ÕèãË‰¤ˆÒ¢Íºà¢µº¹¢Í§ r(A, b, ρ, x) ÊíÒËÃÑº¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹.

·ÄÉ®Õº· 2.1 [5] àÁ×èÍ¡íÒË¹´ãË‰ ρ = 1 ¾ºÇˆÒ¤ˆÒµ¡¤‰Ò§¡Ã³ÕàÅÇÊØ´¤×Í

r(A, b, x) = ‖Ax− b‖+
√
‖x‖2 + 1. (2.13)

áÅÐ»’­ËÒ¡ÒÃËÒ¤ˆÒµíèÒÊØ´¢Í§ r(A, b, x) º¹ x ∈ Rm ¨ÐÁÕ¤íÒµÍºà¾ÕÂ§¤íÒµÍºà´ÕÂÇ «Öè§àÃÕÂ¡ÇˆÒ¤íÒµÍº
¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ (robust least squares solution:xrls).
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¾ÔÊÙ¨¹Œ ¡íÒË¹´àÇ¡àµÍÃŒ x ∈ Rm ¤ˆÒË¹Öè§, àÁ×èÍãª‰ÍÊÁ¡ÒÃÊÒÁàËÅÕèÂÁ (triangle inequality) ã¹¡ÒÃ

¾Ô¨ÒÃ³Ò¿’§¡ŒªÑ¹¤ˆÒµ¡¤‰Ò§ ¾ºÇˆÒ

‖(A + ∆A)x− (b + ∆b)‖ ≤ ‖Ax− b‖+

∥∥∥∥∥[∆A −∆b]

[
x

1

]∥∥∥∥∥ . (2.14)

¨Ò¡¢Íºà¢µ¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ÊÁ¡ÒÃ (2.8) àÃÒà¢ÕÂ¹ÊÁ¡ÒÃ (2.14) ä´‰´Ñ§¹Õé∥∥∥∥∥[∆A −∆b]

[
x

1

]∥∥∥∥∥ ≤ ‖[∆A −∆b]‖

∥∥∥∥∥
[

x

1

]∥∥∥∥∥
≤ ρ

√
‖x‖2 + 1. (2.15)

¡íÒË¹´ãË‰ ρ = 1 ¶‰ÒàÅ×Í¡ãË‰ [∆A −∆b] = uvT â´Â u, v ÁÕ¤ˆÒà»“¹´Ñ§¹Õé

u =


Ax− b

‖Ax− b‖
, Ax− b 6= 0

unit vector, Ax− b = 0

v =
[xT 1]√
‖x‖2 + 1

.

¨ÐàËç¹ÇˆÒ u, v à»“¹àÇ¡àµÍÃŒ·ÕèµÃ§¡Ñºà§×èÍ¹ä¢¢Íºà¢µ¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ (2.8)¹Ñè¹¤×Í∥∥∥∥∥[∆A −∆b]

[
x

1

]∥∥∥∥∥ = ‖u‖
√
‖x‖2 + 1, (2.16)

´Ñ§¹Ñé¹¤ˆÒµ¡¤‰Ò§¡Ã³ÕàÅÇÊØ´ÁÕ¤ˆÒà·ˆÒ¡Ñº

r(A, b, x) = ‖Ax− b‖+
√
‖x‖2 + 1. �

¨Ò¡¤ˆÒµ¡¤‰Ò§¡Ã³ÕàÅÇÊØ´ã¹·ÄÉ®Õº· 2.1 ·íÒãË‰»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´ã¹ (2.10)¨Ñ´ÃÙ»ä´‰à»“¹

min
x

‖Ax− b‖+
√
‖x‖2 + 1. (2.17)

»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´ã¹ (2.17) à»“¹»’­ËÒ·ÕèÊÁÁÙÅ¡Ñº»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§. àÃÒá»Å§

»’­ËÒ´Ñ§¡ÅˆÒÇãË‰ÍÂÙˆã¹ÃÙ»»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§´Ñ§¹Õé

minimize λ

subject to ‖Ax− b‖ ≤ λ− τ,∥∥∥∥∥
[

x

1

]∥∥∥∥∥ ≤ τ. (2.18)

ÊíÒËÃÑº¤ˆÒ ρ ã´æ ¾ºÇˆÒ»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´ã¹ (2.17)¤×Í

min
x

‖Ax− b‖+ ρ
√
‖x‖2 + 1. (2.19)
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áÅÐ»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§·ÕèÊÁÁÙÅ¡Ñº»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´ã¹ (2.19)¤×Í

minimize λ

subject to ‖Ax− b‖ ≤ λ− τ,

ρ

∥∥∥∥∥
[

x

1

]∥∥∥∥∥ ≤ τ. (2.20)

µˆÍä»¨Ð¹íÒàÊ¹Í»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§ «Öè§à»“¹à¤Ã×èÍ§Á×Í·Ò§¤³ÔµÈÒÊµÃŒ·ÕèàÃÒãª‰ã¹¡ÒÃËÒ

¤íÒµÍº xrls ¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹.

¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§à»“¹»’­ËÒ¡ÒÃËÒ¤ˆÒµíèÒÊØ´·ÕèÁÕÃÙ»áºº´Ñ§¹Õé

minimize cT x

subject to ‖Cix + di‖ ≤ ei
T x + fi, i = 1, . . . , L (2.21)

àÁ×èÍ x ∈ Rm à»“¹àÇ¡àµÍÃŒµÑÇá»Ã¢Í§»’­ËÒ, c ∈ Rm à»“¹àÇ¡àµÍÃŒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§¿’§¡ŒªÑ¹¨Ø´»ÃÐÊ§¤Œ,

Ci ∈ Rni×m, di ∈ Rni , ei ∈ Rm, fi ∈ R à»“¹¾ÒÃÒÁÔàµÍÃŒ¢Í§à§×èÍ¹ä¢ºÑ§¤Ñº (constraints). àÃÒàÃÕÂ¡

à§×èÍ¹ä¢ºÑ§¤Ñº·Õè»ÃÒ¡¯ã¹ (2.21) ÇˆÒà§×èÍ¹ä¢ºÑ§¤Ñº¡ÃÇÂÍÑ¹´ÑºÊÍ§ã¹ÁÔµÔ ni (second order cone constraint

in dimensionni), ¹ÍÃŒÁ¢Í§àÇ¡àµÍÃŒ·Õè»ÃÒ¡¯ã¹à§×èÍ¹ä¢ºÑ§¤Ñº¤×Í¹ÍÃŒÁ¢Í§ÂÙ¤ÅÔà´ÕÂ¹ (Euclidean norm).

àÁ×èÍ m = 3 àÃÒáÊ´§»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§ä´‰´Ñ§ÃÙ»·Õè 2.2.

x2

x3

x1

eT
i x + fi

‖Cix + di‖

ÃÙ»·Õè 2.1:»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§
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¨Ò¡ÃÙ»·Õè 2.2¾ºÇˆÒ»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§à»“¹»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´¢Í§¿’§¡ŒªÑ¹

àªÔ§àÊ‰¹ (linear function) º¹¨Ø´µÑ´ (intersection) ¢Í§à«µÊÑÁ¾ÃÃ¤ (affine set) ¡Ñº¼Å¤Ù³¢Í§¡ÃÇÂ

ÍÑ¹´ÑºÊÍ§ (second-order cones).à¹×èÍ§¨Ò¡¿’§¡ŒªÑ¹àªÔ§àÊ‰¹à»“¹¿’§¡ŒªÑ¹¤Í¹àÇ¡«ŒáÅÐ¡ÃÇÂÍÑ¹´ÑºÊÍ§à»“¹

à«µ¤Í¹àÇ¡«Œ. »’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§¨Ö§à»“¹»’­ËÒ¡ÒÃâ»Ãá¡ÃÁàªÔ§¤Í¹àÇ¡«Œ. àÃÒÊÒÁÒÃ¶

á»Å§»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´ã¹ÃÙ»áººÍ×è¹æ ÍÑ¹ä´‰á¡ˆ ¡ÒÃâ»Ãá¡ÃÁàªÔ§àÊ‰¹ (linear programs: LP),

¡ÒÃâ»Ãá¡ÃÁÍÑ¹´ÑºÊÍ§ (quadratic programs: QP),áÅÐ¡ÒÃâ»Ãá¡ÃÁÍÑ¹´ÑºÊÍ§ÀÒÂãµ‰à§×èÍ¹ä¢ºÑ§¤Ñº

ÍÑ¹´ÑºÊÍ§ (quadratically constrained quadratic programs: QCQP)ãË‰ÍÂÙˆã¹ÃÙ»»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ

¡ÃÇÂÍÑ¹´ÑºÊÍ§ä´‰. ÍÂˆÒ§äÃ¡çµÒÁ»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§¹Ñé¹ ÁÕ¤ÇÒÁ·ÑèÇä»¹‰ÍÂ¡ÇˆÒ»’­ËÒ

â»Ãá¡ÃÁ¡Öè§á¹ˆ¹Í¹ (semidefinite programming: SDP)«Öè§à»“¹»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´º¹¨Ø´µÑ´¢Í§

à«µÊÑÁ¾ÃÃ¤ (affine set) ¡Ñº¡ÃÇÂ¢Í§àÁ·ÃÔ¡«Œ¡Öè§ºÇ¡á¹ˆ¹Í¹ (cone of positive semidefinite matrix).

»’­ËÒ¤Ùˆ¡Ñ¹ (dual problem)¡Ñº»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§¤×Í

maximize −
L∑

i=1

(di
T zi + fisi)

subject to
L∑

i=1

(Ci
T zi + eisi) = c,

‖zi‖ ≤ si, i = 1, . . . , L (2.22)

àÁ×èÍ zi ∈ Rni áÅÐ si ∈ R à»“¹µÑÇá»Ã¤Ùˆ¡Ñ¹ (dual variables). à¹×èÍ§¨Ò¡¡ÒÃËÒ¤ˆÒÊÙ§ÊØ´¢Í§

¿’§¡ŒªÑ¹¨Ø´»ÃÐÊ§¤Œã¹»’­ËÒ¤Ùˆ¡Ñ¹à»“¹¿’§¡ŒªÑ¹àÇ‰Ò (concave function)áÅÐà§×èÍ¹ä¢ºÑ§¤Ñºà»“¹à«µ¤Í¹àÇ¡«Œ.

·íÒãË‰»’­ËÒ¤Ùˆ¡Ñ¹¢Í§»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§à»“¹»’­ËÒ¡ÒÃâ»Ãá¡ÃÁàªÔ§¤Í¹àÇ¡«Œ´‰ÇÂ. àÃÒ

ÊÒÁÒÃ¶ËÒ¤íÒµÍº x ¢Í§»’­ËÒ¡ÒÃâ»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§ä´‰¨Ò¡¡ÒÃ»’­ËÒ¤Ùˆ¡Ñ¹â´ÂãªÑÇÔ¸Õ¨Ø´ÀÒÂã¹

(interior point method)«Öè§ÃÒÂÅÐàÍÕÂ´ã¹¡ÒÃËÒ¤íÒµÍº´Ùà¾ÔèÁàµÔÁä´‰ã¹ [6].

2.3 ¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ

¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ·Õè¾Ô¨ÒÃ³Òã¹§Ò¹ÇÔ¨ÑÂ¹Õé¤×Í ¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ (model)

¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒÊÑ­­Ò³ÍÍ¡ y(k) ¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰¡ÒÃÃº¡Ç¹ w(k). ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡ y(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ¢Í§áºº¨íÒÅÍ§áÊ´§´Ñ§ÃÙ»·Õè 2.2.

y(k)w(k)
Model

ÃÙ»·Õè 2.2: ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡¡Ñº¡ÒÃÃº¡Ç¹¢Í§áºº¨íÒÅÍ§
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¡íÒË¹´ãË‰ w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ (white noise) ·ÕèÁÕ¡ÒÃ¡ÃÐ¨ÒÂ¤ÇÒÁ¹ˆÒ¨Ðà»“¹áººà¡ÒÊŒàªÕÂ¹

(Guassian).¡ÅˆÒÇ¤×Í w(k) à»“¹µÑÇá»ÃÊØˆÁÍÔÊÃÐ (independent random variables)·ÕèÁÕ¤ˆÒà©ÅÕèÂà·ˆÒ¡ÑºÈÙ¹ÂŒ

áÅÐÁÕ¤ˆÒá»Ã»ÃÇ¹¤§·Õèà·ˆÒ¡Ñº σ2
w. ¹ÔÂÒÁ¤ˆÒà©ÅÕèÂáÅÐ¤ˆÒá»Ã»ÃÇ¹¢Í§¡ÒÃÃº¡Ç¹ w(k) ¤×Í

E {w(k)} = 0, (2.23)

E
{
w2(k)

}
= σ2

w, (2.24)

â´Â·Õè E{ · } ¤×Í¤ˆÒ¤Ò´ËÇÑ§ (Expected value).à¹×èÍ§¨Ò¡ w(k) à»“¹µÑÇá»ÃÊØˆÁÍÔÊÃÐ ¨Ðä´‰ÇˆÒ

E{w(i)w(j)} =


σ2

w, i = j,

0, i 6= j.

(2.25)

àÁ×èÍµÑÇá»ÃÊØˆÁÁÕ¨íÒ¹Ç¹à·ˆÒ¡Ñº N àÃÒ¤íÒ¹Ç³ σ2
w ä´‰¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
w =

1
N − 1

N∑
k=1

w2(k). (2.26)

áºº¨íÒÅÍ§·Õèµ‰Í§¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¤×Í áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ (autoregressive model: AR model)áÅÐ

áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè (moving average model: MA model).¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡

y(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÍÑ¹´Ñº na ¤×Í

Φ(q)y(k) = w(k), (2.27)

â´Â·Õè Φ(q) à»“¹¾ËØ¹ÒÁÍÑ¹´Ñº na ´Ñ§ÊÁ¡ÒÃ (2.28)

Φ(q) = 1 + φ1q
−1 + φ2q

−2 + · · ·+ φna
q−na , (2.28)

áÅÐ φ1, φ2, . . . , φna
à»“¹¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ. àÁ×èÍ q−1 ¤×ÍµÑÇ´íÒà¹Ô¹¡ÒÃàÅ×èÍ¹Â‰Í¹

¡ÅÑº (backward-shift operater)¹Ñè¹¤×Í

q−1y(k) = y(k − 1).

Í¹Ø¡ÃÁàÇÅÒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¤×Í

y(k) + φ1y(k − 1) + φ2y(k − 2) + · · ·+ φna
y(k − na) = w(k). (2.29)

àÃÒÊÒÁÒÃ¶á»Å§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂãË‰ÍÂÙˆã¹ÃÙ»¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè´Ñ§¹Õé

y(k) = Θ(q)w(k), (2.30)

â´Â·Õè

Θ(q) = 1 + θ1q
−1 + θ2q

−2 + · · · (2.31)
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áÅÐ Θ(q) à»“¹¾ËØ¹ÒÁ·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢ [12, 13]

Θ(q)Φ(q) = 1. (2.32)

Í¹Ø¡ÃÁàÇÅÒ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè¤×Í

y(k) = w(k) + θ1w(k − 1) + θ2w(k − 2) + · · · (2.33)

â´Â·Õè θ1, θ2, . . . à»“¹¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè. ¡íÒË¹´ãË‰ σ2
y à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§

ÊÑ­­Ò³ÍÍ¡. àÃÒ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ä´‰´Ñ§¹Õé

σ2
y = E

{
y2(k)

}
= E {(w(k) + θ1w(k − 1) + θ2w(k − 2) + · · · )(w(k) + θ1w(k − 1) + θ2w(k − 2) + · · · )}

¨Ò¡¤Ø³ÊÁºÑµÔ¢Í§ w(k) ã¹ (2.25)¨Ö§ä´‰ÇˆÒ

σ2
y = (1 + θ2

1 + θ2
2 + · · · )σ2

w. (2.34)

ÊíÒËÃÑºÃÒÂÅÐàÍÕÂ´¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¡Ñºáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè áÅÐ

¡ÒÃ»ÃÐÁÒ³¡ÒÃÃº¡Ç¹¾Ô¨ÒÃ³Òä´‰¨Ò¡¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº.

¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐººà»“¹¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ¢Í§áºº¨íÒÅÍ§ â´Âãª‰ÊÑ­­Ò³à¢‰Ò

áÅÐÊÑ­­Ò³ÍÍ¡¢Í§ÃÐººà»“¹¢‰ÍÁÙÅã¹¡ÒÃ¤íÒ¹Ç³. ¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº·Õè¾Ô¨ÒÃ³Òã¹§Ò¹ÇÔ¨ÑÂ¹Õé

¤×Í¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè â´Â»ÃÐÁÇÅÊÑ­­Ò³

ÍÍ¡ y(k) ¢Í§Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰¡ÒÃÃº¡Ç¹ w(k). ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢Í§ y(k) ¡Ñº w(k) ã¹

ÊÁ¡ÒÃ (2.29) áÅÐÊÁ¡ÒÃ (2.33) ¾ºÇˆÒ¡ÒÃ¤íÒ¹Ç³¾ÒÃÒÁÔàµÍÃŒ φ1, φ2, . . . , φna
áÅÐ θ1, θ2, . . . ¢Í§

Í¹Ø¡ÃÁàÇÅÒµ‰Í§¡ÒÃ¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡áÅÐ¡ÒÃÃº¡Ç¹. ã¹·Ò§»¯ÔºÑµÔ ¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ä´‰¨Ò¡µÑÇµÃÇ¨

ÃÙ‰ ¢³Ð·Õè¡ÒÃÇÑ´¤ˆÒ¡ÒÃÃº¡Ç¹«Ñº«‰Í¹áÅÐÂØˆ§ÂÒ¡. àÃÒ¨Ö§äÁˆÊÒÁÒÃ¶ËÒ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ θ1, θ2, . . . ä´‰¨Ò¡

¡ÒÃ¾Ô¨ÒÃ³Òáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õèâ´ÂµÃ§. ÍÂˆÒ§äÃ¡çµÒÁàÃÒÊÒÁÒÃ¶ËÒ¾ÒÃÒÁÔàµÍÃŒ θ1, θ2, . . . ä´‰

¨Ò¡¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ φ1, φ2, . . . , φna
¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¡ˆÍ¹, áÅ‰Ç¨Ö§Â‰Í¹¡ÅÑºä»ËÒ¾ÒÃÒ

ÁÔàµÍÃŒ θ1, θ2, . . . ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè. ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡áÅÐ¡ÒÃÃº

¡Ç¹¢Í§Í¹Ø¡ÃÁàÇÅÒã¹ÊÁ¡ÒÃ (2.29) àÁ×èÍ¨Ñ´ÃÙ»¤ÇÒÁÊÑÁ¾Ñ¹¸ŒãËÁˆ ¾ºÇˆÒ

φ1y(k − 1) + · · ·+ φna
y(k − na) = −y(k) + w(k). (2.35)

¡íÒË¹´ãË‰¢‰ÍÁÙÅÊíÒËÃÑº¡ÒÃËÒáºº¨íÒÅÍ§ÁÕ¨íÒ¹Ç¹à·ˆÒ¡Ñº N â´Â·Õè N � na. ¨Ò¡ÊÁ¡ÒÃ (2.35) àÁ×èÍá·¹

¤ˆÒ k ´‰ÇÂ na + 1, na + 2, . . . , N ¾ºÇˆÒ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡ y(k) áÅÐ¡ÒÃÃº¡Ç¹ w(k)

¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂã¹ÃÙ»àÁµÃÔ¡«Œ¤×Í

Aφ = b + w, (2.36)
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â´Â·Õè

A =



y(na) y(na − 1) · · · y(1)

y(na + 1) y(na) · · · y(2)
...

...
...

...

y(N − 2) y(N − 1) · · · y(N − na − 1)

y(N − 1) y(N − 2) · · · y(N − na)



b = −
[

y(na + 1) y(na + 2) · · · y(N)
]T

φ =
[

φ1 φ2 · · · φna

]T
w =

[
w(na + 1) w(na + 2) · · · w(N)

]T
.

à¹×èÍ§¨Ò¡ w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒà©ÅÕèÂà»“¹ÈÙ¹ÂŒ àÃÒ¨Ö§¾Ô¨ÒÃ³ÒãË‰ w ≈ 0. àÁ×èÍá·¹ w ´‰ÇÂ

w ≈ 0 ã¹ÊÁ¡ÒÃ (2.36)¾ºÇˆÒ

Aφ ≈ b. (2.37)

àÃÒ¤íÒ¹Ç³¾ÒÃÒÁÔàµÍÃŒ φ ã¹ (2.37) ä´‰¨Ò¡¡ÒÃá¡‰»’­ËÒÅÑ§ÊÍ§¹‰ÍÂÊØ´. ¡íÒË¹´ãË‰ φls à»“¹¤íÒµÍº¢Í§

ÊÁ¡ÒÃ (2.37) ·Õèä´‰¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´. ´Ñ§¹Ñé¹¾ÒÃÒÁÔàµÍÃŒ φls ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§

¹‰ÍÂÊØ´ÁÕ¤ˆÒ´Ñ§¹Õé

φls = (Y T Y )−1Y T z. (2.38)

¨Ò¡¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ φls ã¹ (2.38) ·íÒãË‰àÃÒ·ÃÒº¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§Í¹Ø¡ÃÁàÇÅÒã¹ÊÁ¡ÒÃ (2.29) áÅÐ

¤íÒ¹Ç³ÊÑÁ»ÃÐÊÔ·¸Ôì θ1, θ2, . . . ¢Í§Í¹Ø¡ÃÁàÇÅÒã¹ÊÁ¡ÒÃ (2.33) ä´‰¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œã¹ÊÁ¡ÒÃ (2.32).

àÁ×èÍ¾Ô¨ÒÃ³Ò¤ˆÒµ¡¤‰Ò§ (residue)¢Í§¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ ¨Ðä´‰ÇˆÒ

w = −z + Y φls. (2.39)

ÊÁ¡ÒÃ (2.39) ãª‰ÊíÒËÃÑº»ÃÐÁÒ³Í¹Ø¡ÃÁàÇÅÒ¢Í§¡ÒÃÃº¡Ç¹. àÁ×èÍÃÙ‰¤ˆÒÍ¹Ø¡ÃÁàÇÅÒ¢Í§¡ÒÃÃº¡Ç¹ ·íÒãË‰

àÃÒ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¢Í§¡ÒÃÃº¡Ç¹ä´‰¨Ò¡ÊÁ¡ÒÃ (2.26).

2.4 ¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹

à¹×èÍ§¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ·Õè¡ÅˆÒÇÁÒã¹µÍ¹µ‰¹¹Ñé¹ ÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹·ÕèÁÕÍÂÙˆã¹ÊÑ­­Ò³

ÍÍ¡. ÍÂˆÒ§äÃ¡çµÒÁ ÊÑ­­Ò³ÍÍ¡·ÕèÇÑ´ä´‰·ÑèÇä»ÍÒ¨ÁÕ¤ˆÒáµ¡µˆÒ§¨Ò¡¤ˆÒ¨ÃÔ§ áÅÐÁÕáºº¨íÒÅÍ§à»“¹ÊÑ­­Ò³

ÍÍ¡¨ÃÔ§ºÇ¡¡Ñº¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹. ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÍÒ¨à¡Ô´¨Ò¡¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹

¢Í§µÑÇµÃÇ¨ÃÙ‰, ¤ÇÒÁäÁˆÅÐàÍÕÂ´¢Í§à¤Ã×èÍ§ÇÑ´ã¹¡ÒÃÇÑ´¤ˆÒáÅÐ¡ÒÃà¡çº¢‰ÍÁÙÅ, ËÃ×Íà¡Ô´¨Ò¡¡ÒÃÃº¡Ç¹ÀÒÂ

¹Í¡·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ. ´Ñ§¹Ñé¹ã¹¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ àÃÒ¤ÇÃ¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹·ÕèÁÕÍÂÙˆã¹
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ÊÑ­­Ò³ÍÍ¡´‰ÇÂ. µˆÍä» ¨Ö§¹íÒàÊ¹Í¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹. ·Ñé§¹Õé

ã¹¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ¡íÒË¹´ãË‰ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹¤×Í

ỹ(k) = y(k) + δy(k), (2.40)

â´Â·Õè δy(k) à»“¹¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¢Í§ÊÑ­­Ò³ÍÍ¡ ¡ÅˆÒÇ¤×Í

‖δy(k)‖ ≤ α, α ≥ 0. (2.41)

ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¡Ñ¹´Ñ§ÃÙ»·Õè 2.4. àÃÒáÊ´§

y(k)

δy(k)

ỹ(k)
+

+
Model

w(k)

ÃÙ»·Õè 2.3: ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¡Ñº¡ÒÃÃº¡Ç¹

¤ÇÒÁÊÑÁ¾Ñ¹¸Œ´Ñ§¡ÅˆÒÇã¹ÃÙ»¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÍÑ¹´Ñº na ä´‰´Ñ§¹Õé

Φ̃(q)ỹ(k) = w(k), (2.42)

â´Â·Õè Φ̃(q) à»“¹¾ËØ¹ÒÁÍÑ¹´Ñº na ´Ñ§ÊÁ¡ÒÃ (2.43)

Φ̃(q) = 1 + φ̃1q
−1 + φ̃2q

−2 + · · ·+ φ̃na
q−na , (2.43)

áÅÐ φ̃1, φ̃2, . . . , φ̃na à»“¹¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³

ÍÍ¡. Í¹Ø¡ÃÁàÇÅÒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡¤×Í

ỹ(k) + φ̃1ỹ(k − 1) + φ̃2ỹ(k − 2) + · · ·+ φ̃na ỹ(k − na) = w(k). (2.44)

àÃÒÊÒÁÒÃ¶á»Å§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡ã¹ÊÁ¡ÒÃ (2.42) ãË‰ÍÂÙˆ

ã¹ÃÙ»¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè´Ñ§¹Õé

ỹ(k) = Θ̃(q)w(k), (2.45)

â´Â·Õè

Θ̃(q) = 1 + θ̃1q
−1 + θ̃2q

−2 + · · · (2.46)
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áÅÐ Θ̃(q) à»“¹¾ËØ¹ÒÁ·ÕèÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢

Θ̃(q)Φ̃(q) = 1. (2.47)

Í¹Ø¡ÃÁàÇÅÒ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·ÕèÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡¤×Í

ỹ(k) = w(k) + θ̃1w(k − 1) + θ̃2w(k − 2) + · · · (2.48)

â´Â·Õè θ̃1, θ̃2, . . . à»“¹¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·ÕèÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³

ÍÍ¡. ¡íÒË¹´ãË‰ σ2
ỹ à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹. àÃÒ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹

ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ä´‰´Ñ§¹Õé

σ2
ỹ = sup

‖δy‖≤α

E
{
ỹ2(k)

}
= sup

‖δy‖≤α

E
{

(w(k) + θ̃1w(k − 1) + θ̃2w(k − 2) + · · · )(w(k) + θ̃1w(k − 1) + θ̃2w(k − 2) + · · · )
}

¨Ò¡¤Ø³ÊÁºÑµÔ¢Í§ w(k) ã¹ (2.25)¨Ö§ä´‰ÇˆÒ¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ÁÕ¤ˆÒ´Ñ§ÊÁ¡ÒÃ (2.49).

σ2
ỹ = sup

‖δy‖≤α

(1 + θ̃2
1 + θ̃2

2 + · · · )σ2
w. (2.49)

ÃÒÂÅÐàÍÕÂ´¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·ÕèÀÒÂãµ‰¤ÇÒÁäÁˆ

á¹ˆ¹Í¹ÊÑ­­Ò³ÍÍ¡ ÃÇÁ·Ñé§¡ÒÃ»ÃÐÁÒ³¡ÒÃÃº¡Ç¹¾Ô¨ÒÃ³Òä´‰¨Ò¡¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº·ÕèÁÕ¤ÇÒÁ

äÁˆá¹ˆ¹Í¹.

¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õè¾Ô¨ÒÃ³Òã¹§Ò¹ÇÔ¨ÑÂ¹Õé à»“¹¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§

áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè â´Â»ÃÐÁÇÅÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k)

¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰¡ÒÃÃº¡Ç¹ w(k). â´ÂàÃÔèÁµ‰¹¨Ò¡¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ φ̃1, φ̃2, . . . , φ̃na
¢Í§áºº

¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¡ˆÍ¹, áÅ‰Ç¨Ö§Â‰Í¹¡ÅÑºä»ËÒ¾ÒÃÒÁÔàµÍÃŒ θ̃1, θ̃2, . . . ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè.

¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ã¹ÊÁ¡ÒÃ (2.44)

àÁ×èÍ¨Ñ´ÃÙ»¤ÇÒÁÊÑÁ¾Ñ¹¸ŒãËÁˆ ¾ºÇˆÒ

φ̃1ỹ(k − 1) + · · ·+ φ̃na
ỹ(k − na) = −ỹ(k) + w(k). (2.50)

¡íÒË¹´ãË‰¢‰ÍÁÙÅÊíÒËÃÑº¡ÒÃËÒáºº¨íÒÅÍ§ÁÕ¨íÒ¹Ç¹à·ˆÒ¡Ñº N â´Â·Õè N � na. ¨Ò¡ÊÁ¡ÒÃ (2.50) àÁ×èÍá·¹

¤ˆÒ k ´‰ÇÂ na + 1, na + 2, . . . , N ¾ºÇˆÒ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ¡Ñº

¡ÒÃÃº¡Ç¹ w(k) ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂã¹ÃÙ»àÁµÃÔ¡«Œ¤×Í

(A + ∆A)φ̃ = (b + ∆b) + w (2.51)
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â´Â·Õè

∆A =



δy(na) δy(na − 1) . . . δy(1)

δy(na + 1) δy(na) . . . δy(2)
...

...
...

...

δy(N − 2) δy(N − 1) . . . δy(N − na − 1)

δy(N − 1) δy(N − 2) . . . δy(N − na)


∆b = −

[
δy(na + 1) δy(na + 2) . . . δy(N)

]T
φ̃ =

[
φ̃1 φ̃2 . . . φ̃na

]T
.

à¹×èÍ§¨Ò¡ w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒà©ÅÕèÂà»“¹ÈÙ¹ÂŒ àÃÒ¨Ö§¾Ô¨ÒÃ³ÒãË‰ w ≈ 0. àÁ×èÍá·¹ w ´‰ÇÂ

w ≈ 0 ã¹ÊÁ¡ÒÃ (2.51)¾ºÇˆÒ

(A + ∆A)φ̃ ≈ b + ∆b. (2.52)

¡ÒÃËÒ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ φ̃ ã¹ (2.52) à»“¹¡ÒÃá¡‰»’­ËÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹. ¡íÒË¹´ãË‰ φ̃rls à»“¹¤íÒµÍº¢Í§

ÊÁ¡ÒÃ (2.52) ·Õèä´‰¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹. ã¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ àÃÒ

µ‰Í§¡íÒË¹´¢Íºà¢µ¢Í§àÁµÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹´‰ÇÂ. àÁ×èÍ ∆ = [∆Y ∆z] à»“¹àÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹

áººÁÕ¢Íºà¢µ´‰ÇÂ¤ˆÒ¤§·Õè ρ ¹Ñè¹¤×Í

‖∆‖2 ≤ ρ, ρ ≥ 0. (2.53)

à¹×èÍ§¨Ò¡ÊÁÒªÔ¡·Ø¡µÑÇ¢Í§àÁ·ÃÔ¡«Œ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ∆ ∈ R(N−na)×(na+1) ¤×Í δy(k), k = 1, 2, . . . , N

«Öè§à»“¹¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¢Í§ÊÑ­­Ò³ÍÍ¡ ¹Ñè¹¤×Í ‖δy(k)‖ ≤ α. ´Ñ§¹Ñé¹ maxi,j ‖∆ij‖ ≤ α,

àÁ×èÍ i = 1, 2, . . . , (N − na) áÅÐ j = 1, 2, . . . , (na + 1). ¨Ò¡¤ˆÒ α ·íÒãË‰¡íÒË¹´¤ˆÒ¢Íºà¢µ ρ ¢Í§àÁ·ÃÔ¡«Œ

¤ÇÒÁäÁˆá¹ˆ¹Í¹ ∆ ∈ R(N−na)×(na+1) ä´‰¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§¹ÍÃŒÁ¢Í§àÁµÃÔ¡«Œ [14] ´Ñ§¹Õé

‖∆‖2 ≤
√

(N − na)(na + 1) max
i,j

|∆ij |,

≤ α
√

(N − na)(na + 1) (2.54)

â´Â·Õè na ¤×ÍÍÑ¹´Ñº¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐ N ¤×Í¨íÒ¹Ç¹¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡. ËÅÑ§¡ÒÃ¤íÒ¹Ç³

¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ Φ̃rls ã¹ (2.52) ·íÒãË‰àÃÒ·ÃÒº¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§Í¹Ø¡ÃÁàÇÅÒã¹ (2.50) áÅÐ¤íÒ¹Ç³

ÊÑÁ»ÃÐÊÔ·¸Ôì θ̃1, θ̃2, . . . ¢Í§Í¹Ø¡ÃÁàÇÅÒã¹ÊÁ¡ÒÃ (2.48) ä´‰¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œã¹ÊÁ¡ÒÃ (2.47). àÁ×èÍ

¾Ô¨ÒÃ³Ò¤ˆÒµ¡¤‰Ò§ (residue)¢Í§¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ ¨Ðä´‰ÇˆÒ

w = −z + Y Φ̃rls. (2.55)

ÊÁ¡ÒÃ (2.55) ãª‰ÊíÒËÃÑº»ÃÐÁÒ³Í¹Ø¡ÃÁàÇÅÒ¢Í§¡ÒÃÃº¡Ç¹. àÁ×èÍÃÙ‰¤ˆÒÍ¹Ø¡ÃÁàÇÅÒ¢Í§¡ÒÃÃº¡Ç¹ ·íÒãË‰

àÃÒ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¢Í§¡ÒÃÃº¡Ç¹ä´‰¨Ò¡ÊÁ¡ÒÃ (2.26).
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2.5 º·ÊÃØ»

º·¹Õéä´‰¹íÒàÊ¹Í¤³ÔµÈÒÊµÃŒ¾×é¹°Ò¹·Õèãª‰à»“¹à¤Ã×èÍ§Á×Íã¹¡ÒÃá¡‰»’­ËÒã¹§Ò¹ÇÔ¨ÑÂ. ÊˆÇ¹áÃ¡à»“¹¡ÒÃ

¾Ô¨ÒÃ³Ò»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´áÅÐ»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ «Öè§à»“¹¡ÒÃËÒ¤íÒµÍºãË‰¡ÑºÃÐººàªÔ§

àÊ‰¹. ¡ÒÃËÒ¤íÒµÍº¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹¢‰ÍÁÙÅ. ã¹¢³Ð·Õè¡ÒÃËÒ¤íÒµÍº

¢Í§»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹¤íÒ¹Ö§¶Ö§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹¢‰ÍÁÙÅ´‰ÇÂ. ¹Í¡¨Ò¡¹Õé ÂÑ§ä´‰¡ÅˆÒÇ¶Ö§¡ÒÃ

â»Ãá¡ÃÁ¡ÃÇÂÍÑ¹´ÑºÊÍ§ «Öè§à»“¹»’­ËÒ¡ÒÃËÒ¤ˆÒàËÁÒÐ·ÕèÊØ´·ÕèàÃÒ¹íÒÁÒãª‰ã¹¡ÒÃËÒ¤íÒµÍºãË‰¡Ñº»’­ËÒ

¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹. ÊˆÇ¹·ÕèÊÍ§à»“¹¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ «Öè§à»“¹¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº

¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè â´Â»ÃÐÁÇÅÊÑ­­Ò³ÍÍ¡ y(k) ÀÒÂãµ‰¡ÒÃÃº

¡Ç¹ w(k). ã¹µÍ¹·‰ÒÂä´‰¡ÅˆÒÇ¶Ö§¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ «Öè§à»“¹¡ÒÃËÒ¾ÒÃÒ

ÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè â´Â»ÃÐÁÇÅÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆ

á¹ˆ¹Í¹ ỹ(k) ÀÒÂãµ‰¡ÒÃÃº¡Ç¹ w(k).



º··Õè 3

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

º·¹Õé¹íÒàÊ¹Í¹ÔÂÒÁáÅÐÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð à¾×èÍ¹íÒä»ãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¢Í§Ç§¤Çº¤ØÁ. ÊˆÇ¹áÃ¡¡ÅˆÒÇ¶Ö§·ÄÉ®Õ¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ «Öè§à»“¹·ÄÉ®Õ¾×é¹°Ò¹ã¹¡ÒÃãª‰

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»“¹¤ˆÒÁÒµÃ°Ò¹ÊíÒËÃÑº¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ»”´. ÊˆÇ¹·ÕèÊÍ§¡ÅˆÒÇ¶Ö§

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ÊˆÇ¹·ÕèÊÒÁ¹íÒàÊ¹Í¼Å¡ÃÐ·º¨Ò¡¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃ

Ãº¡Ç¹µˆÍ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ ¾Ã‰ÍÁ·Ñé§¹íÒàÊ¹Í¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´ â´Âáºˆ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÍ¡à»“¹ÊÍ§»ÃÐàÀ· ¤×Í¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´áººàÍáÅÐáºººÕ. ã¹µÍ¹·‰ÒÂä´‰áÊ´§µÑÇÍÂˆÒ§ à¾×èÍà»ÃÕÂºà·ÕÂº¡ÒÃãª‰¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´·Ñé§ÊÍ§»ÃÐàÀ·ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ.

3.1 ¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»“¹¡ÒÃ¤Çº¤ØÁàËÁÒÐ·ÕèÊØ´ ·ÕèÁÕÇÑµ¶Ø»ÃÐÊ§¤Œà¾×èÍ·íÒãË‰¤ˆÒá»Ã»ÃÇ¹

ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´ÁÕ¤ˆÒµíèÒÊØ´. Ç§¤Çº¤ØÁ»”´·Õè¾Ô¨ÒÃ³Ò à»“¹ÃÐººÊÑ­­Ò³à¢‰ÒË¹Öè§ÊÑ­­Ò³ -

ÊÑ­­Ò³ÍÍ¡Ë¹Öè§ÊÑ­­Ò³ (SISO), àÇÅÒäÁˆµˆÍà¹×èÍ§ (discrete time), äÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ (linear time

invariant: LTI). ¡ÃÐºÇ¹¡ÒÃÁÕàÇÅÒ»ÃÐÇÔ§ (time delay)áÅÐÁÕ¡ÒÃ¤Çº¤ØÁáºº»„Í¹¡ÅÑº (feedback control)

â´Â·ÕèÊÑ­­Ò³¡ÒÃ»„Í¹¡ÅÑº¶Ù¡Ãº¡Ç¹¨Ò¡¡ÒÃÃº¡Ç¹ ´Ñ§ÃÙ»·Õè 3.1.

Disturbance
dynamic

−
+

+

+
setpointys = 0 Outputy(k)

Disturbancew(k)

Gp(q)Gc(q)

Controller Process

e(k) u(k)

Gw(q)

ÃÙ»·Õè 3.1: ¡ÃÐºÇ¹¡ÒÃ Gp(q) ÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁáºº»„Í¹¡ÅÑº
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¨Ò¡Ç§¤Çº¤ØÁã¹ÃÙ»·Õè 3.1 ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ y(k) à»“¹¿’§¡ŒªÑ¹¢Í§ÊÑ­­Ò³¤Çº¤ØÁ u(k)

áÅÐ¡ÒÃÃº¡Ç¹ w(k) ´Ñ§ÊÁ¡ÒÃ (3.1)

y(k) = Gp(q)u(k) + Gw(q)w(k), (3.1)

àÁ×èÍ Gp(q) ¤×Í¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¡ÃÐºÇ¹¡ÒÃ (process) áÅÐ Gw(q) ¤×Í¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ

¡ÒÃÃº¡Ç¹ (disturbance dynamic).ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¡íÒË¹´ãË‰ÊÑ­­Ò³Í‰Ò§ÍÔ§ (setpoint) ys = 0 áÅÐ w(k)

à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒà©ÅÕèÂà·ˆÒ¡ÑºÈÙ¹ÂŒáÅÐÁÕ¤ˆÒá»Ã»ÃÇ¹à·ˆÒ¡Ñº σ2
w. ¹Í¡¨Ò¡¹Õé¡íÒË¹´ãË‰ Gp(q)

à»“¹¡ÃÐºÇ¹¡ÒÃ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾ (stable)áÅÐà¿ÊµíèÒÊØ´ (minimum phase)áÅÐÁÕÃÙ»áºº´Ñ§ÊÁ¡ÒÃ (3.2)

Gp(q) = q−d B(q)
A(q)

, (3.2)

â´Â·Õè d à»“¹àÇÅÒ»ÃÐÇÔ§¢Í§¡ÃÐºÇ¹¡ÒÃ áÅÐ

Gw(q) =
C(q)
D(q)

. (3.3)

¾ËØ¹ÒÁ A(q), B(q), C(q), D(q) à»“¹¾ËØ¹ÒÁâÁ¹Ô¡ (monic polynomial)áÅÐ

• ÍÑ¹´Ñº¢Í§¾ËØ¹ÒÁ A(q), B(q) ¤×Í nA, nB â´Â nB ≤ nA,

• ÍÑ¹´Ñº¢Í§¾ËØ¹ÒÁ C(q), D(q) ¤×Í nC , nD â´Â nC ≤ nD.

à¹×èÍ§¨Ò¡¡íÒË¹´ãË‰ ys = 0, ÊÑ­­Ò³¤Çº¤ØÁ u(k) ¨Ö§à»“¹¿’§¡ŒªÑ¹àªÔ§àÊ‰¹¢Í§ÊÑ­­Ò³¤ÅÒ´à¤Å×èÍ¹ e(k)

´Ñ§ÊÁ¡ÒÃ (3.4)

u(k) = −Gc(q)e(k), (3.4)

â´Â·Õè Gc(q) ¤×Í¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§µÑÇ¤Çº¤ØÁ´Ñ§ÊÁ¡ÒÃ (3.5)

Gc(q) =
S(q)
R(q)

. (3.5)

à¹×èÍ§¨Ò¡ e(k) = ys − y(k) áÅÐ ys = 0 ¨Ö§·íÒãË‰ e(k) = −y(k). ´Ñ§¹Ñé¹ÊÑ­­Ò³¤Çº¤ØÁ u(k) à»“¹¿’§¡ŒªÑ¹

¢Í§ÊÑ­­Ò³ÍÍ¡ y(k) ´Ñ§ÊÁ¡ÒÃ (3.6)

u(k) = −Gc(q)y(k). (3.6)

àÁ×èÍá·¹ÊÑ­­Ò³¤Çº¤ØÁ u(k) ¨Ò¡ÊÁ¡ÒÃ (3.6) ã¹ÊÁ¡ÒÃ (3.1),áÅ‰Ç¨Ñ´ÃÙ»ÊÁ¡ÒÃ (3.1) ãËÁˆ¾ºÇˆÒ

y(k) =
A(q)C(q)R(q)

D(q)[A(q)R(q) + q−dB(q)S(q)]
w(k). (3.7)

µˆÍä»à¾×èÍ¤ÇÒÁÊÐ´Ç¡¢ÍÅÐµÑÇ´íÒà¹Ô¹¡ÒÃ q−1 Â¡àÇ‰¹¡Ã³Õ·Õèµ‰Í§¡ÒÃÃÐºØãË‰ªÑ´à¨¹. »’­ËÒ¡ÒÃ¤Çº¤ØÁ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´à»“¹»’­ËÒ¡ÒÃ¤Çº¤ØÁàËÁÒÐ·ÕèÊØ´ [7] ·ÕèÁÕ¿’§¡ŒªÑ¹¨Ø´»ÃÐÊ§¤Œ Jmv à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§

ÊÑ­­Ò³ÍÍ¡´Ñ§ÊÁ¡ÒÃ (3.8)

Jmv = E{y2(k)}. (3.8)
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»’­ËÒ¡ÒÃ¤Çº¤ØÁà¾×èÍËÒ¤ˆÒµíèÒÊØ´¢Í§ Jmv ËÁÒÂ¶Ö§¡ÒÃËÒÊÑ­­Ò³¤Çº¤ØÁ u(k) ·Õè·íÒãË‰ÊÑ­­Ò³ÍÍ¡

y(k) ã¹ÊÁ¡ÒÃ (3.1) ÁÕ¤ˆÒà»“¹ÈÙ¹ÂŒËÅÑ§¨Ò¡àÇÅÒ¼ˆÒ¹ä»à·ˆÒ¡ÑºàÇÅÒ»ÃÐÇÔ§. àÃÒÊÒÁÒÃ¶áÊ´§»’­ËÒ´Ñ§

¡ÅˆÒÇã¹ÃÙ»áºº»’­ËÒ¡ÒÃÇÒ§¢ÑéÇ (pole placement)â´ÂàÅ×Í¡ÇÒ§¢ÑéÇ¢Í§Ç§»”´·Ø¡µÑÇäÇ‰·Õè¨Ø´¡íÒà¹Ô´. ¨Ò¡

¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢Í§¾ËØ¹ÒÁã¹ÊÁ¡ÒÃ (3.7) ¾ºÇˆÒµÑÇàÈÉ R ¢Í§µÑÇ¤Çº¤ØÁµ‰Í§ÁÕµÑÇ»ÃÐ¡Íºà»“¹µÑÇàÈÉ B

¢Í§¡ÃÐºÇ¹¡ÒÃáÅÐµÑÇÊˆÇ¹ D ¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ ¹Ñè¹¤×Í

R = BDR̃, (3.9)

â´Â·Õè R̃ à»“¹¾ËØ¹ÒÁ·ÕèÁÕÍÑ¹´Ñº d− 1 ´Ñ§ÊÁ¡ÒÃ (3.10)

R̃(q) = 1 + h1q
−1 + h2q

−2 + . . . + hd−1q
−(d−1). (3.10)

àÁ×èÍá·¹¾ËØ¹ÒÁ R ¨Ò¡ÊÁ¡ÒÃ (3.9) ã¹ÊÁ¡ÒÃ (3.7)¾ºÇˆÒÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´¤×Í

y(k) =
ACR̃

ADR̃ + q−dS
w(k). (3.11)

¶‰Ò¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹ã¹ÊÁ¡ÒÃ (3.11)ÊÍ´¤Å‰Í§¡ÑºÊÁ¡ÒÃä´âÍá¿¹ä·¹Œ (diophantine equation)

ADR̃ + q−dS = AC, (3.12)

ÊÑ­­Ò³ÍÍ¡¨Ò¡Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¨ÐÁÕ¤ˆÒà»“¹

ymv(k) = R̃w(k). (3.13)

Í¹Ø¡ÃÁàÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡ã¹ (3.13)¤×Í

ymv(k) = w(k) + h1w(k − 1) + h2w(k − 2) + · · ·+ hd−1w(k − d + 1). (3.14)

à¹×èÍ§¨Ò¡¾ËØ¹ÒÁ A »ÃÒ¡¯·Ñé§ÊÍ§¢‰Ò§¢Í§ÊÁ¡ÒÃ (3.12). µÑÇàÈÉ¢Í§µÑÇ¤Çº¤ØÁ S µ‰Í§ÁÕ A à»“¹µÑÇ

»ÃÐ¡Íº´Ñ§ÊÁ¡ÒÃ (3.15)

S = AS̃. (3.15)

¹Ñè¹¤×Í µÑÇàÈÉ¢Í§µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¨ÐËÑ¡Å‰Ò§¡Ñº¢ÑéÇ·ÕèÁÕàÊ¶ÕÂÃÀÒ¾¢Í§¡ÃÐºÇ¹¡ÒÃ. àÁ×èÍá·¹

¾ËØ¹ÒÁ S ¨Ò¡ÊÁ¡ÒÃ (3.15) ã¹ÊÁ¡ÒÃ (3.12), àÃÒ¨Ñ´ÃÙ»ÊÁ¡ÒÃ (3.12) ãËÁˆä´‰à»“¹

DR̃ + q−dS̃ = C. (3.16)

¨Ò¡ÊÁ¡ÒÃ (3.16) ¶‰ÒÍÑ¹´Ñº¢Í§¾ËØ¹ÒÁ R̃ áÅÐ S̃ ¤×Í nR̃ = d − 1 áÅÐ nS̃ = nD − 1 ¨Ðä´‰ÇˆÒ¤íÒµÍº

R̃ áÅÐ S̃ ¢Í§ÊÁ¡ÒÃ (3.16) à»“¹¤íÒµÍºË¹Öè§à´ÕÂÇ (unique solution).àÁ×èÍàÇÅÒ»ÃÐÇÔ§ d ·ÕèµíèÒÊØ´¢Í§ÃÐºº

àÇÅÒäÁˆµˆÍà¹×èÍ§¤×Í d = 1 ·íÒãË‰ÍÑ¹´Ñº¢Í§¾ËØ¹ÒÁ C ¤×Í nC ≤ nD + d− 1 ÊÍ´¤Å‰Í§¡Ñºà§×èÍ¹ä¢·Õè¡íÒË¹´

äÇ‰µÍ¹áÃ¡¤×Í nC ≤ nD. ¹Í¡¨Ò¡¹Õé ÂÑ§¤íÒ¹Ç³¾ÒÃÒÁÔàµÍÃŒ¢Í§¾ËØ¹ÒÁ R̃ ä´‰¨Ò¡ d à·ÍÁáÃ¡¢Í§¡ÒÃ

¡ÃÐ¨ÒÂ¼ÅËÒÃ C/D [10] ã¹ÊÁ¡ÒÃ

C

D
= R̃ + q−d S̃

D
. (3.17)



20

àÁ×èÍ·ÃÒº¤ˆÒ R̃ áÅÐ S̃, àÃÒËÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv ä´‰´Ñ§ÊÁ¡ÒÃ (3.18)

Gc,mv =
AS̃

BDR̃
. (3.18)

¡íÒË¹´ãË‰ σ2
mv à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ ymv «Öè§à»“¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰µÑÇ

¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. àÃÒ¾ºÇˆÒ σ2
mv à»“¹¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´

ÀÒÂãµ‰µÑÇ¤Çº¤ØÁã´æ áÅÐÊÒÁÒÃ¶¤íÒ¹Ç³ σ2
mv ä´‰¨Ò¡ÊÁ¡ÒÃ (3.19)

σ2
mv = (1 + h2

1 + h2
2 + · · ·+ h2

d−1) σ2
w. (3.19)

à¹×èÍ§¨Ò¡ σ2
mv à»“¹¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´ ¨Ö§ÊÒÁÒÃ¶ãª‰ σ2

mv à»“¹¤ˆÒ

ÁÒµÃ°Ò¹ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ [8].

µˆÍä»à»“¹¡ÒÃ¾Ô¨ÒÃ³ÒÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ Gc ã´æ ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹à·ˆÒ¡Ñº¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´. à¾×èÍ¤ÇÒÁ§ˆÒÂµˆÍ¡ÒÃà¢‰Òã¨ ¾Ô¨ÒÃ³ÒÇ§¤Çº¤ØÁàªˆ¹à´ÕÂÇ¡ÑºÃÙ»·Õè 3.1 â´Â¡íÒË¹´ãË‰

Gp = q−dG, (3.20)

áÅÐ

Gw =
C

D
= R̃ + q−d S̃

D
. (3.21)

ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´¶ÒÂãµÑµÑÇ¤Çº¤ØÁ Gc ã´æ ¤×Í

y(k) =
Gw

(1 + GcGp)
w(k)

=
R̃ + q−d S̃

D
(1 + q−dGcG)

w(k)

=

 R̃(1 + q−dGcG) + q−d S̃

D
− R̃q−dGcG

(1 + q−dGcG)

w(k)

=

R̃ + q−d

(
S̃

D
− R̃GcG

)
(1 + q−dGcG)

w(k). (3.22)

àÁ×èÍ¡íÒË¹´ãË‰

L =

(
S̃

D
− R̃GcG

)
(1 + q−dGcG)

= 1 + l1q
−1 + l2q

−2 + · · · .
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¾ºÇˆÒÊÑ­­Ò³ÍÍ¡ã¹ÊÁ¡ÒÃ (3.22)¨Ñ´ÃÙ»ä´‰à»“¹

y(k) = (R̃ + q−dL)w(k). (3.23)

àÁ×èÍà¢ÕÂ¹ÊÁ¡ÒÃ (3.23) ã¹ÃÙ»Í¹Ø¡ÃÁàÇÅÒ¨Ðä´‰ÇˆÒ

y(k) = yR̃(k) + yL(k), (3.24)

â´Â·Õè

yR̃(k) = R̃w(k) = w(k) + h1w(k − 1) + . . . + hd−1w(k − d + 1), (3.25)

yL(k) = Lw(k − d) = w(k − d) + l1w(k − d− 1) + l2w(k − d− 2) + . . . (3.26)

¨Ò¡ÊÁ¡ÒÃ (3.22) ÊÑ§à¡µä´‰ÇˆÒ yL(k) ¢Öé¹¡ÑºµÑÇ¤Çº¤ØÁ Gc ã¹¢³Ð·Õè yR̃(k) äÁˆ¢Öé¹¡ÑºµÑÇ¤Çº¤ØÁ Gc. àÁ×èÍ

¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ y(k) ã¹ÊÁ¡ÒÃ (3.24)¨Ðä´‰ÇˆÒ

σ2
y = σ2

yR̃
+ σ2

yL
. (3.27)

â´Â·Õè σ2
yR̃
áÅÐ σ2

yL
à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ yR̃(k) áÅÐ yL(k) µÒÁÅíÒ´Ñº. ¨Ò¡ÊÁ¡ÒÃ (3.25)

ÊÑ§à¡µä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡ yR̃(k) ÁÕ¤ˆÒà·ÕÂºà·ˆÒ¡ÑºÊÑ­­Ò³ÍÍ¡ ymv(k) «Öè§à»“¹ÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰¡ÒÃ

¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ·íÒãË‰¤ˆÒá»Ã»ÃÇ¹¢Í§ yR̃(k) ÁÕ¤ˆÒà·ˆÒ¡Ñº¤ˆÒá»Ã»ÃÇ¹¢Í§ ymv(k). ´Ñ§¹Ñé¹ã¹

¡Ã³Õ·Õè σ2
yL

= 0 ¨Ðä´‰ÇˆÒ

σ2
y = σ2

yR̃
= σ2

mv. (3.28)

¨Ò¡¼Å¢‰Ò§µ‰¹ àÃÒÊÃØ»ä´‰ÇˆÒ yR̃(k) à»“¹ÊˆÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ y(k) ÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ Gc ã´æ ·ÕèãË‰¤ˆÒµíèÒ

ÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò¹ÍÍ¡. àÃÒ¨Ö§¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ σ2
mv ä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹

¢Í§ÊÑ­­Ò³ÍÍ¡ yR̃(k) «Öè§ÁÕ¤ˆÒ¢Öé¹¡ÑºÊÑÁ»ÃÐÊÔ·¸Ôì hi ¢Í§¾ËØ¹ÒÁ R̃.

3.2 ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ àÃÒ»ÃÐàÁÔ¹â´Âà»ÃÕÂºà·ÕÂºÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ¡Ñº¤ˆÒ

ÁÒµÃ°Ò¹¤ˆÒË¹Öè§. ¨Ò¡ §3.1 ¾ºÇˆÒ σ2
mv à»“¹¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ. ã¹

§Ò¹ÇÔ¨ÑÂ¹Õé àÃÒàÅ×Í¡ãª‰¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»“¹¤ˆÒÁÒµÃ°Ò¹ áÅÐàÃÕÂ¡¤ˆÒÁÒµÃ°Ò¹´Ñ§¡ÅˆÒÇÇˆÒ¤ˆÒÁÒµÃ°Ò¹

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. µˆÍä» ¹ÔÂÒÁ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ (ηmv) à»“¹ÍÑµÃÒÊˆÇ¹¢Í§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´µˆÍ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÃÔ§¨Ò¡Ç§¤Çº¤ØÁ [8] ´Ñ§¹Õé

ηmv =
σ2

mv

σ2
y

(3.29)

â´Â·Õè σ2
mv à»“¹¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ σ2

y à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡¨ÃÔ§¢Í§Ç§

¤Çº¤ØÁ. à¹×èÍ§¨Ò¡ σ2
mv ≤ σ2

y ¨Ö§à»“¹¼ÅãË‰ ηmv ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ 0 áµˆ¹‰ÍÂ¡ÇˆÒËÃ×Íà·ˆÒ¡Ñº 1.
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• ηmv → 1 ËÁÒÂ¤ÇÒÁÇˆÒ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒµíèÒàÁ×èÍà·ÕÂº¡Ñº¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´ «Öè§ÊÑÁ¾Ñ¹¸Œ¡ÑºÊÁÃÃ¶¹ÐËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹·Õè´Õ¢Í§Ç§¤Çº¤ØÁ. ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

ËÒ¡ ηmv → 1 àÃÒÍÒ¨äÁˆÊÒÁÒÃ¶·íÒãË‰¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒÅ´Å§ä´‰â´Â

¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁ·Õèãª‰ÍÂÙˆ áÁ‰ÇˆÒ¨ÐÂÍÁÃÑº¤ˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹Ð¹Ñé¹ËÃ×ÍäÁˆ.

• ηmv → 0 ËÁÒÂ¤ÇÒÁÇˆÒ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒÊÙ§àÁ×èÍà·ÕÂº¡Ñº¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´ «Öè§ÊÑÁ¾Ñ¹¸Œ¡ÑºÊÁÃÃ¶¹ÐËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹·ÕèàÅÇ¢Í§Ç§¤Çº¤ØÁ. ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

ËÒ¡ ηmv → 0 àÃÒÊÒÁÒÃ¶·íÒãË‰¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒÅ´Å§ä´‰â´Â¡ÒÃ»ÃÑº

¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁ·Õèãª‰ÍÂÙˆ.

¶Ö§áÁ‰ÇˆÒ ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¨Ðà»“¹¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰

µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv. áµˆàÃÒÊÒÁÒÃ¶¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ä´‰¨Ò¡¡ÒÃ

¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¢Í§ yR̃ «Öè§à»“¹ÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰µÑÇ¤Çº¤ØÁã´æ ·Õèà·ÕÂºà·ˆÒ¡ÑºÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰

¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¢Í§ yR̃ àÃÒµ‰Í§ÃÙ‰¤ˆÒá»Ã»ÃÇ¹¢Í§¡ÒÃÃº¡Ç¹

áÅÐÃÙ‰¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì h1, h2, . . . , hd−1 ¢Í§¾ËØ¹ÒÁ R̃ «Öè§ËÒä´‰¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒÊÑ­­Ò¹ÍÍ¡

¢Í§Ç§¤Çº¤ØÁ. àÃÒÊÃØ»¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§Ç§¤Çº¤ØÁä´‰´Ñ§¹Õé

(a) ËÒÊÑÁ»ÃÐÊÔ·¸Ôì φ1, φ2, . . . , φna ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ áÅÐ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¡ÒÃÃº¡Ç¹

σ2
w ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´. àÁ×èÍ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡ y(k) ¡Ñº¡ÒÃÃº¡Ç¹

w(k) ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÍÑ¹´Ñº na ¤×Í

Φ(q)y(k) = w(k),

â´Â·Õè

Φ(q) = 1 + φ1q
−1 + φ2q

−2 + · · ·+ φnaq−na .

¨Ò¡¹Ñé¹á»Å§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂãË‰ÍÂÙˆã¹ÃÙ»áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè à¾×èÍËÒÊÑÁ»ÃÐÊÔ·¸Ôì

θ1, θ2, . . . ¢Í§áºº¨íÒÅÍ§. àÁ×èÍ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡ y(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k)

¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè¤×Í

y(k) = Θ(q)w(k),

â´Â·Õè

Θ(q) = 1 + θ1q
−1 + θ2q

−2 + · · ·

áÅÐ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ y(k) ¡Ñº w(k) ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õèã¹ÃÙ»Í¹Ø¡ÃÁàÇÅÒ¤×Í

y(k) = w(k) + θ1w(k − 1) + θ2w(k − 2) + · · ·+ θd−1w(k − d + 1) + · · · .

¨Ò¡Í¹Ø¡ÃÁàÇÅÒ¨Ðä´‰ÇˆÒ hi = θi, i = 1, 2, . . . , d− 1.
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(b) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ σ2
mv ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
mv = (1 + h2

1 + · · ·+ h2
d−1)σ

2
w.

(c) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ σ2
y ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
y =

1
N − 1

N∑
k=1

y2(k).

(d) ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ηmv =
σ2

mv

σ2
y

.

(e) ¾Ô¨ÒÃ³Ò´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ.

¨Ò¡¢Ñé¹µÍ¹¢‰Ò§µ‰¹ áÊ´§à»“¹á¼¹¼Ñ§ä´‰´Ñ§ÃÙ»·Õè 3.2.

σ2
y

End

Retuning
controller

Rejectηmv

Acceptηmv

e

ηmv ≤ ε

c

Calculate performance index based on minimum variance

Performance Assessment

ηmv

Begin

Performance monitoring

Output datay(k)

d

Calculate archievable
minimum variance

h1, h2, . . . , hd−1 andσ2
w

b

output variance
CalculateClosed-loop identfication and

σ2
mv

a

time-series analysis of each section

ÃÙ»·Õè 3.2: á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´
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Í¹Öè§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Öé¹¡Ñº¾ÒÃÒÁÔàµÍÃŒ¢Í§¾ËØ¹ÒÁ R̃ «Öè§à»“¹µÑÇ»ÃÐ¡ÍºÊˆÇ¹¢Í§µÑÇ¤Çº¤ØÁ

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ¹Í¡¨Ò¡¹ÕéÊÁ¡ÒÃ (3.17) ºˆ§ªÕéÇˆÒ¾ËØ¹ÒÁ R̃ ÊÑÁ¾Ñ¹¸Œ¡Ñº¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹

Gw «Öè§¨íÒÅÍ§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ. ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ´Ñ§¡ÅˆÒÇáÊ´§ãË‰àËç¹ÇˆÒµÑÇ¤Çº

¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Öé¹¡Ñº¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ. ¶‰Ò¾ÅÇÑµ

¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹á»Å§ ¨ÐÊˆ§¼ÅãË‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»ÅÕèÂ¹á»Å§µÒÁ

ä»´‰ÇÂ. â´Â·ÑèÇä» àÃÒáºˆ§¢‰ÍÁÙÅÊíÒËÃÑº¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðà»“¹ËÅÒÂªˆÇ§. ã¹áµˆÅÐªˆÇ§ÁÕ¡ÒÃËÒ

áºº¨íÒÅÍ§¢Í§Ç§¤Çº¤ØÁ»”´ à¾×èÍËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§Í¹Ø¡ÃÁàÇÅÒáÅÐ»ÃÐÁÒ³¡ÒÃÃº¡Ç¹. ¡ÒÃÃº¡Ç¹

·Õè»ÃÐÁÒ³ä´‰ã¹áµˆÅÐªˆÇ§ÍÒ¨ÁÕ¾ÅÇÑµàËÁ×Í¹¡Ñ¹ËÃ×ÍµˆÒ§¡Ñ¹. ¾ÅÇÑµ¡ÒÃÃº¡Ç¹·ÕèµˆÒ§¡Ñ¹ÂˆÍÁÊˆ§¼ÅµˆÍ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´áÅÐµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´µˆÒ§¡Ñ¹. ÊíÒËÃÑºÃÒÂÅÐàÍÕÂ´¢Í§¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ

¡ÒÃÃº¡Ç¹µˆÍµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ä´‰áÊ´§äÇ‰ã¹ §3.3.

3.3 ¼Å¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹µˆÍ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ à»ÃÕÂºä´‰¡Ñº¡ÒÃà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ

¢Í§¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹·Õè¨íÒÅÍ§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹ [15]. Ç§¤Çº¤ØÁ·Õèãª‰¾Ô¨ÒÃ³Ò¼Å¡ÒÃà»ÅÕèÂ¹á»Å§

¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹µˆÍ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÊ´§´Ñ§ÃÙ»·Õè 3.3.

Disturbance
dynamic

−
+

+

+
setpointys = 0 Outputy(k)

Disturbancew(k)

Gp(q)Gc(q)

Controller Process

e(k) u(k)

Gw(q, k)

ÃÙ»·Õè 3.3: Ç§¤Çº¤ØÁ»”´·ÕèÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹

¨Ò¡ÃÙ»·Õè 3.3 ÊÑ§à¡µä´‰ÇˆÒ Gw(q, k) à»“¹¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ. à¾×èÍ¤ÇÒÁÊÐ´Ç¡µˆÍ¡ÒÃ

¾Ô¨ÒÃ³Ò ¡íÒË¹´ãË‰¡ÒÃÃº¡Ç¹ÁÕ¾ÅÇÑµ 2 ªØ´¤×Í

Gw(q, k) =


Gw0(q), 1 ≤ k < N1

Gw1(q), N1 + d ≤ k < N2

ÊíÒËÃÑºªˆÇ§àÇÅÒ N1 ≤ k < N1 + d, àÇÅÒ»ÃÐÇÔ§ d ÁÕ¤ˆÒ¹‰ÍÂÁÒ¡àÁ×èÍà·ÕÂº¡Ñº N1 àÃÒ¨Ö§ÅÐ¡ÒÃ¾Ô¨ÒÃ³Òã¹

ªˆÇ§àÇÅÒ´Ñ§¡ÅˆÒÇ. ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹¨Ò¡ Gw0(q) ä»à»“¹ Gw1(q) áÊ´§´Ñ§ÃÙ»·Õè 3.4.
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0

Gw1Gw0

k
N1 N2

ÃÙ»·Õè 3.4: ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹

àÁ×èÍ N1 ¤×ÍàÇÅÒ·Õè¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹á»Å§¾ÅÇÑµ¨Ò¡ Gw0 à»“¹ Gw1.

Gw(q, k) ¤×Í¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ.

Gw0(q) ¤×Í¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§ 1 ≤ k < N1.

Gw1(q) ¤×Í¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§ N1 + d ≤ k < N2.

¾ÅÇÑµ¡ÒÃÃº¡Ç¹ã¹ÃÙ»µÑÇ»ÃÐ¡Íº¾ËØ¹ÒÁ¤×Í

Gw0(q) = R̃0(q) + q−d S̃0(q)
D0(q)

(3.30)

Gw1(q) = R̃1(q) + q−d S̃1(q)
D1(q)

. (3.31)

¨Ò¡ÃÙ»·Õè 3.3 àÁ×èÍ Gp(q) = q−dB(q)/A(q) ¾ºÇˆÒÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ¤×Í

y(k) =
Gw(q, k)(

1 + q−d
B(q)
A(q)

Gc(q)
)w(k). (3.32)

àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹¨Ò¡ Gw0(q) ã¹ªˆÇ§àÇÅÒ 1 ≤ k < N1 ä»à»“¹ Gw1(q) ã¹

ªˆÇ§àÇÅÒ N1 + d ≤ k < N2 ·íÒãË‰àÃÒ¾Ô¨ÒÃ³Ò¼Å¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹µˆÍµÑÇ¤Çº¤ØÁ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´áÅÐµˆÍ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ä´‰´Ñ§¹Õé

1. ã¹ªˆÇ§àÇÅÒ 1 ≤ k < N1, ¨Ò¡ÊÁ¡ÒÃ (3.32) àÁ×èÍá·¹ Gw(q, k) ´‰ÇÂ

Gw0(q) = R̃0(q) + q−d S̃0(q)
D0(q)

¨Ðä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰µÑÇ¤Çº¤ØÁ Gc ã¹ªˆÇ§àÇÅÒ 1 ≤ k < N1 ¤×Í

y0(k) = R̃0w(k) +

[
S̃0

D0
− (G−1

c

A

B
+ q−d)−1Gw0

]
q−dw(k). (3.33)

à¹×èÍ§¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ã¹ªˆÇ§àÇÅÒ 1 ≤ k < N1 ¤×Í

Gc,mv0 =
AS̃0

BD0R̃0

. (3.34)
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¨Ò¡ÊÁ¡ÒÃ (3.33) àÁ×èÍá·¹µÑÇ¤Çº¤ØÁ Gc ´‰ÇÂµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0 ¨Ðä´‰ÇˆÒ

ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ã¹ªˆÇ§àÇÅÒ 1 ≤ k < N1 ¤×Í

y0,mv0(k) = R̃0w(k). (3.35)

¡íÒË¹´ãË‰ σ2
y0,mv0 à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ y0,mv0. àÃÒ¾ºÇˆÒ σ2

y0,mv0 à»“¹¤ˆÒµíèÒÊØ´¢Í§

¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ y0.

2. ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2, ¨Ò¡ÊÁ¡ÒÃ (3.32) àÁ×èÍá·¹ Gw(q, k) ´‰ÇÂ

Gw1(q) = R̃1(q) + q−d S̃1(q)
D1(q)

¨Ðä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ Gc ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2 ¤×Í

y1(k) = R̃1w(k) +

[
S̃1

D1
− (G−1

c

A

B
+ q−d)−1Gw1

]
q−dw(k). (3.36)

à¹×èÍ§¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2 ¤×Í

Gc,mv1 =
AS̃1

BD1R̃1

. (3.37)

¨Ò¡ÊÁ¡ÒÃ (3.36) àÁ×èÍá·¹µÑÇ¤Çº¤ØÁ Gc ´‰ÇÂµÑÇ¤Çº¤ØÁ Gc,mv1 ¨Ðä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº

¤ØÁ»”´ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2 ¤×Í

y1,mv1(k) = R̃1w(k). (3.38)

¡íÒË¹´ãË‰ σ2
y1,mv1 à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ y1,mv1. àÃÒ¾ºÇˆÒ σ2

y1,mv1 à»“¹¤ˆÒµíèÒÊØ´¢Í§

¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2.

¼Å¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹¨Ò¡ Gw0 ä»à»“¹ Gw1 µˆÍµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐµˆÍ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´ÊÃØ»äÇ‰ã¹µÒÃÒ§·Õè 3.1.

µÒÃÒ§·Õè 3.1:¼Å¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹µˆÍµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

ªˆÇ§àÇÅÒ ¾ÅÇÑµ¡ÒÃÃº¡Ç¹
µÑÇ¤Çº¤ØÁ

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

1 ≤ k < N1 Gw0 = R̃0 + q−d S̃0

D0
Gc,mv0 =

AS̃0

BD0R̃0

σ2
y0,mv0

N1 + d ≤ k < N2 Gw1 = R̃1 + q−d S̃1

D1
Gc,mv1 =

AS̃1

BD1R̃1

σ2
y1,mv1
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¨Ò¡µÒÃÒ§·Õè 3.1¾ºÇˆÒ Gc,mv0 ÁÕ¤ˆÒµˆÒ§¨Ò¡ Gc,mv1 «Öè§à·ÕÂºä´‰¡ÒÃ·ÕèµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¢Í§Ç§¤Çº¤ØÁà»“¹µÑÇ¤Çº¤ØÁ·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ ¹Ñè¹¤×Í

Gc,mv(q, k) =


Gc,mv0(q), k < N1

Gc,mv1(q), N1 + d ≤ k < N2.

àÁ×èÍ σ2
mv0, σ2

mv1 à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ Gc,mv0 áÅÐ Gc,mv1

¨Ö§·íÒãË‰ σ2
mv à»“¹¤ˆÒÁÒµÃ°Ò¹·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ´‰ÇÂ. à¹×èÍ§¨Ò¡µÑÇ¤Çº¤ØÁ Gc(q) ·Õèãª‰ã¹

Ç§¤Çº¤ØÁà»“¹µÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§µÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ¨ÐÁÕ

à¾ÕÂ§¤ˆÒà´ÕÂÇ. ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰¤ˆÒÁÒµÃ°Ò¹·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ¨Ö§äÁˆÊÁ¨ÃÔ§¡ÑºÇ§¤Çº¤ØÁÀÒÂ

ãµ‰µÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. à¾×èÍãË‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐÊÁ¨ÃÔ§¡ÑºÇ§¤Çº¤ØÁÀÒÂãµ‰µÑÇ¤Çº¤ØÁäÁˆ

á»Ã¼Ñ¹µÒÁàÇÅÒ àÃÒ¤ÇÃàÅ×Í¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à¾ÕÂ§µÑÇà´ÕÂÇà»“¹µÑÇ¤Çº¤ØÁÁÒµÃ°Ò¹ ã¹¡ÒÃ

¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÊíÒËÃÑº·Ø¡ªˆÇ§àÇÅÒ. ã¹·Õè¹Õé¡íÒË¹´ãË‰ãª‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0 à»“¹µÑÇ

¤Çº¤ØÁÁÒµÃ°Ò¹. ¨Ò¡ÊÁ¡ÒÃ (3.36) àÁ×èÍá·¹µÑÇ¤Çº¤ØÁ Gc ´‰ÇÂµÑÇ¤Çº¤ØÁ Gc,mv0 ¨Ðä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡

¢Í§Ç§¤Çº¤ØÁ»”´ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ Gc,mv0 ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2y ¤×Í

y1,mv0(k) = R̃w(k) +

[
S̃1

D1
− S̃0

D0
Gw1G

−1
w0

]
q−dw(k)

=

[
R̃ + q−d S̃1

D1

]
w(k)− q−d Gw1S̃0

Gw0D0
w(k)

= Gw1w(k)− q−d Gw1S̃0

Gw0D0
w(k)

=
Gw1

Gw0

[
Gw0 − q−d S̃0

D0

]
w(k)

=
Gw1

Gw0
R̃0w(k). (3.39)

ËÒ¡¡íÒË¹´ãË‰ σ2
y1,mv0 à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ y1,mv0 ã¹ÊÁ¡ÒÃ (3.39) ¨Ðä´‰ÇˆÒ σ2

y1,mv0

à»“¹¤ˆÒÁÒµÃ°Ò¹ã¹ªˆÇ§àÇÅÒ N1 + d ≤ k < N2. ¨Ò¡¢‰Ò§µ‰¹ ÊÒÁÒÃ¶áºˆ§¤ˆÒÁÒµÃ°Ò¹ä´‰à»“¹ÊÍ§

áºº. áººáÃ¡ä´‰¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õèà»ÅÕèÂ¹µÒÁàÇÅÒ áÅÐàÃÒ¡íÒË¹´ãË‰à»“¹¤ˆÒÁÒµÃ°Ò¹

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ. áºº·ÕèÊÍ§ä´‰¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·ÕèäÁˆà»ÅÕèÂ¹µÒÁàÇÅÒ áÅÐàÃÒ

¡íÒË¹´ãË‰à»“¹¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ.

3.3.1 ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ

¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¢Í§áµˆÅÐªˆÇ§. µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õè¾Ô¨ÒÃ³Òã¹áµˆÅÐªˆÇ§ÍÒ¨à»“¹µÑÇà´ÕÂÇ¡Ñ¹

ËÃ×ÍµˆÒ§¡Ñ¹¡çä´‰ ·Ñé§¹Õé¢Öé¹¡Ñº¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ. ËÒ¡äÁˆÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ
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¢Í§¡ÒÃÃº¡Ç¹ã¹áµˆÅÐªˆÇ§àÇÅÒ µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õè¾Ô¨ÒÃ³Ò¨Ðà»“¹µÑÇà´ÕÂÇ¡Ñ¹. áµˆ¶‰ÒÁÕ¡ÒÃ

à»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹¨Ð·íÒãË‰µÑÇ¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³Òà»“¹µÑÇ¤Çº¤ØÁ·ÕèµˆÒ§¡Ñ¹. ¡íÒË¹´ãË‰áºˆ§

¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ y à»“¹ªˆÇ§¤×Í

y = {y0, y1, y2, . . .}.

àÁ×èÍ yi à»“¹¢‰ÍÁÙÅªˆÇ§·Õè i = 0, 1 , 2, . . . áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹à·ˆÒ¡Ñº N ¨Ðä´‰ÇˆÒ

y0 = {y(1), y(2), . . . , y(N)}

y1 = {y(N + 1), y(N + 2), . . . , y(2N)}

y2 = {y(2N + 1), y(2N + 2), . . . , y(3N)}

...
...

yi = {y(Ni + 1), y(Ni + 2), . . . , y(Ni + N)}

¹Í¡¨Ò¡¹Õé¡íÒË¹´ãË‰

Gwi à»“¹¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ªˆÇ§·Õè i.

Gc,mvi à»“¹µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§ªˆÇ§·Õè i.

σ2
yi,mvi à»“¹¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§ªˆÇ§·Õè i.

σ2
yi à»“¹¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§ªˆÇ§·Õè i.

ηmv,Ai à»“¹´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ¢Í§ªˆÇ§·Õè i.

¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ¢Í§áµˆÅÐªˆÇ§ ÊÃØ»äÇ‰ã¹µÒÃÒ§·Õè 3.2.

µÒÃÒ§·Õè 3.2: ¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ¢Í§¢‰ÍÁÙÅáµˆÅÐªˆÇ§

¢‰ÍÁÙÅ ¾ÅÇÑµ
¡ÒÃÃº¡Ç¹

µÑÇ¤Çº¤ØÁ
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´
´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ

y0 Gw0 Gc,mv0 σ2
y0,mv0

σ2
y0,mv0

σ2
y0

y1 Gw1 Gc,mv1 σ2
y1,mv1

σ2
y1,mv1

σ2
y1

...
...

...
...

...

¨Ò¡µÒÃÒ§·Õè 3.2 ¶‰Ò¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹äÁˆà»ÅÕèÂ¹á»Å§ ¡ÅˆÒÇ¤×Í

Gwi = Gw = R̃ + q−d S̃

D
i = 0, 1, 2, . . .



29

¾ºÇˆÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õè¾Ô¨ÒÃ³Òã¹áµˆÅÐªˆÇ§à»“¹µÑÇà´ÕÂÇ¡Ñ¹

Gc,mvi =
AS̃

BDR̃
i = 1, 2, . . . , n

áÅÐ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§·Ø¡ªˆÇ§¡ç¨ÐÁÕ¤ˆÒà·ˆÒ¡Ñ¹ ´Ñ§¹Õé

σ2
mv1 = σ2

mv2 = · · · = σ2
mvn.

¶‰Ò¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹á»Å§ µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§áµˆÅÐªˆÇ§¡ç¨Ðà»ÅÕèÂ¹ä»´‰ÇÂ. ´Ñ§

¹Ñé¹ÊÃØ»ä´‰ÇˆÒàÁ×èÍ¡ÒÃÃº¡Ç¹äÁˆÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ ¤ˆÒÁÒµÃ°Ò¹¢Í§áµˆÅÐªˆÇ§ä´‰¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´·ÕèäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ, áµˆ¶‰Ò¡ÒÃÃº¡Ç¹ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ ¤ˆÒÁÒµÃ°Ò¹¢Í§áµˆÅÐ

ªˆÇ§ä´‰¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õèà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ. ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´áººàÍÁÕ¢Ñé¹µÍ¹´Ñ§¹Õé

(a) ËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂáÅÐ¤íÒ¹Ç³ σ2
wi ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´.

áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ yi(k) ¡Ñº wi(k) à»“¹

Φi(q)yi(k) = wi(k), i = 1, 2, . . .

¨Ò¡¹Ñé¹á»Å§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂãË‰ÍÂÙˆã¹ÃÙ»áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè à¾×èÍËÒ¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ

¢Í§¾ËØ¹ÒÁ Θi(q). áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·ÕèÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ yi(k) ¡Ñº wi(k) ´Ñ§¹Õé

yi(k) = Θi(q)wi(k),

àÁ×èÍ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ yi(k) ¡Ñº wi(k) ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õèã¹ÃÙ»Í¹Ø¡ÃÁàÇÅÒ ¤×Í

yi(k) = wi(k) + θi,1wi(k − 1) + θi,2wi(k − 2) + · · ·+ θi,d−1wi(k − d + 1) + · · · .

¨Ò¡Í¹Ø¡ÃÁàÇÅÒ¨Ðä´‰ÇˆÒ hi,j = θi,j , i = 1, 2, . . . , j = 1, 2, . . . , d− 1.

(b) ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ σ2
yi,mvi ¢Í§ªˆÇ§·Õè i ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
yi,mvi = (1 + h2

i,1 + h2
i,2 + · · ·+ h2

i,d−1)σ
2
wi.

(c) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ σ2
yi ¢Í§ªˆÇ§·Õè i ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
yi =

1
N − 1

N∑
k=1

y2
i (k).

(d) ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ¢Í§áµˆÅÐªˆÇ§ ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ηmv,Ai =
σ2

yi,mvi

σ2
yi

.

(e) ¾Ô¨ÒÃ³Ò´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ¢Í§áµˆÅÐªˆÇ§ à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§

¤Çº¤ØÁµˆÍä».

¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÊ´§à»“¹á¼¹¼Ñ§ä´‰´Ñ§ÃÙ»·Õè 3.5.
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ηmv,Ai

End

σ2
yi,mvi

Calculate type-A benchmark
of each section

b

d
Calculate performance index based on minimum variance type-A

time-series analysis of each section
Closed-loop identfication and

a

output variance
Calculate

c

σ2
yi

Seperatey(k) into sections

Begin

Performance monitoring

yi, i = 0, 1, 2, . . .

Rejectηmv,Ai

Acceptηmv,Ai

Output datay(k)

Performance Assessment

Retuning
controller

hi,1, hi,2, . . . , hi,d−1 andσ2
wi

e

ηmv,Ai ≤ ε

ÃÙ»·Õè 3.5: á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ

3.3.2 ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ

¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´ÁÒµÃ°Ò¹Ë¹Öè§µÑÇ. ¶‰ÒàÅ×Í¡ Gc,mv0 à»“¹µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÒµÃ°Ò¹, ¨Ð

ä´‰ÇˆÒ¤ˆÒÁÒµÃ°Ò¹¤×Í¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ã¹áµˆÅÐªˆÇ§ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0.

´Ñ§¹Ñé¹¡ÒÃãª‰¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕà»“¹¤ˆÒÁÒµÃ°Ò¹ àÃÒµ‰Í§àÅ×Í¡¢‰ÍÁÙÅ·ÕèàÃÒÊ¹ã¨Ë¹Öè§

ªˆÇ§ à¾×èÍËÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§¢‰ÍÁÙÅªˆÇ§¹Ñé¹¡ˆÍ¹. ¨Ò¡¹Ñé¹
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¨Ö§ãª‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§¢‰ÍÁÙÅªˆÇ§·ÕèÊ¹ã¨ à»“¹µÑÇ¤Çº¤ØÁÁÒµÃ°Ò¹ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ

°Ò¹¢Í§¢‰ÍÁÙÅã¹ªˆÇ§Í×è¹. à¾×èÍ¤ÇÒÁµˆÍà¹×èÍ§ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð ¨Ö§àÅ×Í¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´¢Í§¢‰ÍÁÙÅã¹ªˆÇ§áÃ¡ à»“¹µÑÇ¤Çº¤ØÁÁÒµÃ°Ò¹ÊíÒËÃÑº¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹¢Í§¢‰ÍÁÙÅã¹ªˆÇ§Í×è¹. à¾×èÍ

¤ÇÒÁÊÐ´Ç¡ã¹¡ÒÃ¾Ô¨ÒÃ³Ò ¡íÒË¹´ãË‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ y ¨íÒ¹Ç¹ 2N µÑÇ ÍÍ¡à»“¹ 2 ªˆÇ§¤×Í

y = {y0, y1}. â´Â·Õè y0, y1 à»“¹¢‰ÍÁÙÅªˆÇ§ 0 áÅÐªˆÇ§ 1 µÒÁÅíÒ´Ñº´Ñ§¹Õé

y0 = {y(1), y(2), , . . . , y(N)},

y1 = {y(N + 1), y(N + 2), . . . , y(2N)}.

áÅÐ¡íÒË¹´ãË‰¡ÒÃÃº¡Ç¹ÁÕ¾ÅÇÑµ 2 ªØ´¤×Í

Gw(q, k) =


Gw0, 1 ≤ k ≤ N,

Gw1, N + 1 ≤ k ≤ 2N,

«Öè§ÊÒÁÒÃ¶áÂ¡µÑÇ»ÃÐ¡Íºà»“¹

Gw0 = R̃0 + q−d S̃0

D0
,

Gw1 = R̃1 + q−d S̃1

D1
,

â´Â·Õè N1 à»“¹àÇÅÒ·ÕèÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹¨Ò¡ Gw0 ã¹ªˆÇ§àÇÅÒ 1 ≤ k ≤ N ä»

à»“¹ Gw1 ã¹ªˆÇ§àÇÅÒ N + 1 ≤ k ≤ 2N . ¡íÒË¹´ãË‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0 à»“¹µÑÇ

¤Çº¤ØÁÁÒµÃ°Ò¹ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹¢Í§¢‰ÍÁÙÅ·Ø¡ªˆÇ§. ´Ñ§¹Ñé¹¤ˆÒÁÒµÃ°Ò¹¢Í§¢‰ÍÁÙÅªˆÇ§ 1 ¤×Í¤ˆÒ

á»Ã»ÃÇ¹¢Í§ y1,mv0 «Öè§à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§¢‰ÍÁÙÅªˆÇ§ 1 ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ Gc,mv0. µˆÍä»à»“¹á¹Ç·Ò§

¡ÒÃËÒÊÑ­­Ò³ÍÍ¡ y1,mv0. ¨Ò¡ÊÁ¡ÒÃ (3.39) ã¹ §3.3 ¾ºÇˆÒ y1,mv0 à»“¹¿’§¡ŒªÑ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹

Gw0 áÅÐ Gw1 ´Ñ§¹Õé

y1,mv0 =
Gw1

Gw0
R̃0w(k),

à¹×èÍ§¨Ò¡¾ÅÇÑµ¡ÒÃÃº¡Ç¹ Gw0 áÅÐ Gw1 ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¡Ñº¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹Ç§»”´ Gcl0 áÅÐ Gcl1 ´Ñ§¹Õé

Gcl0 =
Gw0

1 + q−dGcG
, (3.40)

áÅÐ

Gcl1 =
Gw1

1 + q−dGcG
. (3.41)

àÁ×èÍãË‰ Gcl0 ã¹ÊÁ¡ÒÃ (3.40) à»“¹µÑÇµÑé§áÅ‰ÇËÒÃ´‰ÇÂ Gcl1 ã¹ÊÁ¡ÒÃ (3.41)¾ºÇˆÒ

Gw1

Gw0
=

Gcl1

Gcl0
. (3.42)
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àÁ×èÍá·¹ Gw1/Gw0 ã¹ÊÁ¡ÒÃ (3.39)´‰ÇÂ Gcl1/Gcl0 ¾ºÇˆÒÊÑ­­Ò³ÍÍ¡ y1,mv0(k) ¤×Í

y1,mv0(k) =
Gcl1

Gcl0
R̃0w(k). (3.43)

¹Ñè¹¤×Í àÃÒ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§¢‰ÍÁÙÅªˆÇ§ 1 ä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³¤ˆÒ

á»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ y1,mv0(k) ã¹ÊÁ¡ÒÃ (3.43). àÁ×èÍ¡íÒË¹´ãË‰ σ2
y0,mv0 à»“¹¤ˆÒÁÒµÃ°Ò¹ÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§¢‰ÍÁÙÅªˆÇ§ 0 áÅÐ σ2
y1,mv0 à»“¹¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§

¢‰ÍÁÙÅªˆÇ§ 1. ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§¢‰ÍÁÙÅªˆÇ§ 0 áÅÐªˆÇ§ 1 ¤×Í

ηmv,B0 =
σ2

y0,mv0

σ2
y0

(3.44)

ηmv,B1 =
σ2

y1,mv0

σ2
y1

(3.45)

â´Â·Õè σ2
y0 áÅÐ σ2

y1 ¤×Í¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÃÔ§¢Í§¢‰ÍÁÙÅªˆÇ§ 0 áÅÐ 1 «Öè§¤íÒ¹Ç¹ä´‰¨Ò¡¤ÇÒÁ

ÊÑÁ¾Ñ¹¸ŒµˆÍä»¹Õé

σ2
y0 =

1
N1 − 2

N1−1∑
k=1

y2(k) (3.46)

σ2
y1 =

1
N2 −N1 − 1

N2∑
k=N1

y2(k) (3.47)

ã¹¡Ã³Õ·ÑèÇä» àÃÒáºˆ§¢‰ÍÁÙÅÍÍ¡à»“¹ªˆÇ§ ¤×Í

y = {y0, y1, y2, . . .},

â´Â·Õè yi à»“¹¢‰ÍÁÙÅªˆÇ§·Õè i áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹à·ˆÒ¡Ñº N . àÁ×èÍàÅ×Í¡ªˆÇ§¢‰ÍÁÙÅ y0 à»“¹µÑÇ

á·¹à¾×èÍËÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ ¨Ðä´‰ÇˆÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ ¤ˆÒÁÒµÃ°Ò¹ áÅÐ´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§áµˆÅÐªˆÇ§ áÊ´§ã¹µÒÃÒ§·Õè 3.3.

µÒÃÒ§·Õè 3.3: ¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§¢‰ÍÁÙÅáµˆÅÐªˆÇ§

¢‰ÍÁÙÅ ¾ÅÇÑµ
¡ÒÃÃº¡Ç¹

µÑÇ¤Çº¤ØÁ
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´
´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ

y0 Gw0 Gc,mv0 σ2
y0,mv0

σ2
y0,mv0

σ2
y0

y1 Gw1 Gc,mv0 σ2
y1,mv0

σ2
y1,mv0

σ2
y1

...
...

...
...

...
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¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ áÅÐ¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´áºººÕÁÕ¢Ñé¹µÍ¹µˆÒ§æ ´Ñ§¹Õé

(a) ÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ¢Í§ªˆÇ§¢‰ÍÁÙÅ y0, y1, y2, . . . áÅÐ»ÃÐÁÒ³ËÒ Gcli, R̃0(q) áÅÐ σ2
wi ¢Í§áµˆÅÐ

ªˆÇ§¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´.

(b) ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¨Ò¡¡ÒÃËÒ¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰¤Çº

¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0 ¢Í§áµˆÅÐªˆÇ§. àÁ×èÍÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

Gc,mv0 ¢Í§áµˆÅÐªˆÇ§ÁÕ¤ˆÒ´Ñ§¹Õé

y0,mv0(k) = R̃0(q)w(k)

y1,mv0(k) =
Gcl1

Gcl0
R̃0(q)w(k)

y2,mv0(k) =
Gcl2

Gcl0
R̃0(q)w(k)

...
...

(c) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§áµˆÅÐªˆÇ§

σ2
yi =

1
N − 1

N∑
k=1

y2
i (k).

(d) ¤íÒ¹Ç³ËÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ηmv,Bi =
σ2

yi,mv0

σ2
yi

.

(e) ¾Ô¨ÒÃ³Ò´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¢Í§áµˆÅÐªˆÇ§ à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§

¤Çº¤ØÁµˆÍä».

á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕáÊ´§ä´‰´Ñ§ÃÙ»·Õè 3.6.
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ηmv,Bi

Closed-loop identification and
a

time-series analysis of each section

c

output variance

Calculate

i = 0, 1, 2, . . .

σ2
yiR̃0, Gcli andσ2

wi

i = 0, 1, 2, . . .

b

of each section

Calculate Tybe-B benchmark

σ2
yi,mv0

i = 0, 1, 2, . . .

d

Calculate performance index based on minimum variance type-B

Retuning

controller

- Representative section:y0

- Other sections:y1, y2, . . .

define the most representative section

Seperatey(k) into sections and

Output datay(k)

Performance monitoring

Begin

End

Rejectηmv,Bi

Performance Assessment

e

ηmv,Bi ≤ ε

Acceptηmv,Bi

ÃÙ»·Õè 3.6: á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ
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3.4 µÑÇÍÂˆÒ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

µÑÇÍÂˆÒ§·Õè¹íÒàÊ¹Íã¹º·¹ÕéÁÕÊÍ§µÑÇÍÂˆÒ§¤×Í ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¾ÒÃÒ

ÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ áÅÐ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹.

3.4.1 ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ

¾Ô¨ÒÃ³ÒÇ§¤Çº¤ØÁã¹ÃÙ»·Õè ?? â´Â¡íÒË¹´ãË‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ, µÑÇ¤Çº¤ØÁáÅÐ¾ÅÇÑµ

¡ÒÃÃº¡Ç¹ÁÕ¤ˆÒ´Ñ§¹Õé [16]

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¡ÃÐºÇ¹¡ÒÃ¤×Í

Gp(q) = q−4 B

A
= q−4 b

(1− aq−1)
. (3.48)

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§µÑÇ¤Çº¤ØÁ¤×Í

Gc(q) =
S

R
=

(0.7− 0.47q−1)
(0.33− 0.1q−1 − 0.23q−4)

. (3.49)

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹¤×Í

Gw(q) =
C

D
=

(1− 0.4q−1)
(1− 0.67q−1)

(3.50)

• w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹ σ2
w = 0.36.

¡íÒË¹´ãË‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ y à»“¹ 50 ªˆÇ§´Ñ§¹Õé

y = {y0, y1, y2, . . . , y49}.

àÁ×èÍ ỹi à»“¹¢‰ÍÁÙÅªˆÇ§·Õè i = 0, 1 , 2, . . . , 49 áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 2000 ¨Ðä´‰ÇˆÒÍ¹Ø¡ÃÁ

àÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡ã¹áµˆÅÐªˆÇ§ÁÕ¤ˆÒ´Ñ§¹Õé

ỹ0 = {ỹ(1), ỹ(2), . . . , ỹ(2000)},

ỹ1 = {ỹ(2001), ỹ(2002), . . . , ỹ(4000)},

ỹ2 = {ỹ(4001), ỹ(4002), . . . , ỹ(6000)},

...
...,

ỹ49 = {ỹ(98001), ỹ(98002), . . . , ỹ(100000)}.

¨Ò¡¡ÃÐºÇ¹¡ÒÃã¹ÊÁ¡ÒÃ (3.48)¾ÒÃÒÁÔàµÍÃŒ·ÕèÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§»ÃÐ¡Íº´‰ÇÂÍÑµÃÒ¢ÂÒÂáÅÐ¢ÑéÇ, â´Â·Õè b

áÅÐ a ¤×ÍÍÑµÃÒ¢ÂÒÂáÅÐ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃµÒÁÅíÒ´Ñº. ¡íÒË¹´ãË‰ÍÑµÃÒ¢ÂÒÂáÅÐ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃ ³

ÊÀÒÇÐÃÐºØ (nominal condition)¤×Í b0 = 0.33 áÅÐ a0 = 0.67. ¹Í¡¨Ò¡¹Õé ¡íÒË¹´ãË‰ÍÑµÃÒ¢ÂÒÂáÅÐ¢ÑéÇ

¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§¨Ò¡¤ˆÒ ³ ÊÀÒÇÐÃÐºØ·ÕèàÇÅÒµˆÒ§æ ´Ñ§¹Õé
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³ ÊÀÒÇÐÃÐºØ Gp0(q) =
0.33q−4

(1− 0.67q−1)
, 1 ≤ k ≤ 20000,

ÍÑµÃÒ¢ÂÒÂÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ 10% Gp1(q) =
0.363q−4

(1− 0.67q−1)
, 20001 ≤ k ≤ 40000,

ÍÑµÃÒ¢ÂÒÂÁÕ¤ˆÒÅ´Å§ 10% Gp2(q) =
0.297q−4

(1− 0.67q−1)
, 40001 ≤ k ≤ 60000,

¢ÑéÇÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ 10% Gp3(q) =
0.33q−4

(1− 0.737q−1)
, 60001 ≤ k ≤ 80000,

¢ÑéÇÁÕ¤ˆÒÅ´Å§ 10% Gp4(q) =
0.33q−4

(1− 0.603q−1)
, 80001 ≤ k ≤ 100000.

µˆÍä»à»“¹ÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹Ç§»”´à¾×èÍ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. à¹×èÍ§¨Ò¡äÁˆÁÕ¡ÒÃ

à»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹, ¨Ö§à»“¹¼ÅãË‰¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Ñé§áººàÍáÅÐáºººÕ¢Í§

·Ø¡ªˆÇ§·Õèä´‰¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹Ç§»”´ÁÕ¤ˆÒà·ˆÒ¡Ñ¹´Ñ§¹Õé

R̃(q) = 1 + 0.2700q−1 + 0.1802q−2 + 0.1212q−3,

σ2
mv = (1 + 0.27002 + 0.18022 + 0.12122)σ2

w = 1.1203σ2
w = 0.4031.

µˆÍä»à»“¹¡ÒÃ¨íÒÅÍ§¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð àÁ×èÍ¡ÃÐºÇ¹¡ÒÃà»ÅÕèÂ¹á»Å§¨Ò¡ Gp0(q) ä»à»“¹ Gp1(q)

ã¹ªˆÇ§·Õè 11 ¶Ö§ 20 (20001 ≤ k ≤ 40000), à»ÅÕèÂ¹á»Å§¨Ò¡ Gp1(q) ä»à»“¹ Gp2(q) ã¹ªˆÇ§·Õè 21 ¶Ö§ 30

(40001 ≤ k ≤ 60000), à»ÅÕèÂ¹á»Å§¨Ò¡ Gp2(q) ä»à»“¹ Gp3(q) ã¹ªˆÇ§·Õè 31 ¶Ö§ 40 (60001 ≤ k ≤ 80000)

áÅÐà»ÅÕèÂ¹á»Å§¨Ò¡ Gp3(q) ä»à»“¹ Gp4(q) ã¹ªˆÇ§·Õè 41 ¶Ö§ 50 (80001 ≤ k ≤ 100000). ¼Å¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹ÐàÁ×èÍ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§ä»¨Ò¡¤ˆÒ ³ ÊÀÒÇÐÃÐºØáÊ´§´Ñ§ÃÙ»·Õè 3.7.
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ÃÙ»·Õè 3.7: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ àÁ×èÍ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒ
à»ÅÕèÂ¹á»Å§ä»¨Ò¡¤ˆÒ ³ ÊÀÒÇÐÃÐºØ
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¨Ò¡ÃÙ»·Õè 3.7 ÊÑ§à¡µä´‰ÇˆÒ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃÊˆ§¼Å¡ÃÐ·ºµˆÍÊÁÃÃ¶¹Ð

¢Í§Ç§¤Çº¤ØÁ. ¡ÒÃà¾ÔèÁ¢Öé¹¢Í§ÍÑµÃÒ¢ÂÒÂ¨ÐÊˆ§¼ÅãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒÅ´Å§.

ã¹¢³Ð·Õè¡ÒÃÅ´Å§¢Í§ÍÑµÃÒ¢ÂÒÂ·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹. ¹Í¡¨Ò¡¹ÕéÂÑ§

¾ºÇˆÒ ¡ÒÃà¾ÔèÁ¤ˆÒ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃ¨Ð·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹. ÊˆÇ¹

¡ÒÃÅ´¤ˆÒ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃ¨Ð·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒÅ´Å§. ¡ÒÃà»ÅÕèÂ¹á»Å§

µˆÒ§æ ·Õèà¡Ô´¢Öé¹ ¾Ô¨ÒÃ³Òä´‰¨Ò¡ÊÁ¡ÒÃÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ´Ñ§¹Õé

y(k) =
ACR

D(AR + q−dBS)
w(k) (3.51)

¨Ò¡ÊÁ¡ÒÃ (3.51) àËç¹ä´‰ÇˆÒÍÑµÃÒ¢ÂÒÂ¢Í§¡ÃÐºÇ¹¡ÒÃ B = b à»“¹µÑÇ»ÃÐ¡ÍºµÑÇËÒÃ¢Í§ÊÑ­­Ò³ÍÍ¡.

- àÁ×èÍÍÑµÃÒ¢ÂÒÂ¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà¾ÔèÁ¢Öé¹, ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÐÁÕ¤ˆÒÅ´Å§ ¨Ö§à»“¹¼ÅãË‰

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹.

- àÁ×èÍÍÑµÃÒ¢ÂÒÂ¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒÅ´Å§, ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÐÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ ¨Ö§à»“¹¼ÅãË‰

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õèä´‰ÁÕ¤ˆÒÅ´Å§.

¨Ò¡ÊÁ¡ÒÃ (3.51) àÃÒ¨Ñ´ÃÙ»ÊÁ¡ÒÃãËÁˆä´‰à»“¹

y(k) = q−d B

A

S

R
y(k) +

C

D
w(k) (3.52)

¨Ò¡ÊÁ¡ÒÃ (3.52) àËç¹ä´‰ÇˆÒ A = (1− aq−1) à»“¹µÑÇËÒÃã¹à·ÍÁáÃ¡¢Í§ÊÑ­­Ò³ÍÍ¡

- àÁ×èÍ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà¾ÔèÁ¢Öé¹, ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÐÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ ¨Ö§à»“¹¼ÅãË‰´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒÅ´Å§.

- àÁ×èÍ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒÅ´Å§, ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¨ÐÁÕ¤ˆÒÅ´Å§ ¨Ö§à»“¹¼ÅãË‰´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹.

3.4.2 ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹

¾Ô¨ÒÃ³ÒÇ§¤Çº¤ØÁã¹ÃÙ»·Õè 3.3 â´Â¡íÒË¹´ãË‰¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ, µÑÇ¤Çº¤ØÁáÅÐ

¾ÅÇÑµ¡ÒÃÃº¡Ç¹ÁÕ¤ˆÒ´Ñ§¹Õé

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¡ÃÐºÇ¹¡ÒÃ¤×Í

Gp(q) = q−4 0.33
(1− 0.67q−1)

.

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§µÑÇ¤Çº¤ØÁ¤×Í

Gc(q) =
(0.7− 0.47q−1)

(0.33− 0.1q−1 − 0.23q−4)
.
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• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Õèà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ¤×Í

Gw(q) =
(1− 0.4q−1)
(1− λq−1)

, (3.53)

â´Â·Õè λ à»“¹¾ÒÃÒÁÔàµÍÃŒ·Õèà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ

• w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹ σ2
w = 0.36.

¡íÒË¹´ãË‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ y à»“¹ 60 ªˆÇ§´Ñ§¹Õé

y = {y0, y1, y2, . . . , y59}.

àÁ×èÍ yi à»“¹¢‰ÍÁÙÅªˆÇ§·Õè i = 0, 1 , 2, . . . , 59 áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 2000 ¨Ðä´‰ÇˆÒÍ¹Ø¡ÃÁ

àÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡ã¹áµˆÅÐªˆÇ§ÁÕ¤ˆÒ´Ñ§¹Õé

y0 = {y(1), y(2), . . . , y(2000)}

y1 = {y(2001), y(2002), . . . , y(4000)}

...
...

y59 = {y(118001), y(118002), . . . , y(120000)}

¹Í¡¨Ò¡¹Õé ¡íÒË¹´ãË‰¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ·ÕèàÇÅÒ k = 40001 áÅÐ

k = 80001 «Öè§¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ã¹áµˆÅÐªˆÇ§¤×Í

Gw0(q) =
(1− 0.4q−1)
(1− 0.67q−1)

, 1 ≤ k ≤ 40000,

Gw1(q) =
(1− 0.4q−1)
(1− 0.77q−1)

, 40001 ≤ k ≤ 80000,

Gw2(q) =
(1− 0.4q−1)
(1− 0.57q−1)

, 80001 ≤ k ≤ 120000.

µˆÍä»¨Ðà»“¹¡ÒÃÇÔà¤ÃÒÐËŒ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹Ç§»”´ à¾×èÍ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐ

áºººÕ¢Í§¢‰ÍÁÙÅ·Ñé§ 3 ªˆÇ§. â´Â¡íÒË¹´ãË‰àÅ×Í¡µÑÇ¤Çº¤ØÁ Gc,mv0 à»“¹µÑÇ¤Çº¤ØÁÁÒµÃ°Ò¹ÊíÒËÃÑº

¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹¢Í§Ç§¤Çº¤ØÁã¹·Ø¡ªˆÇ§.

• ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ

- ÊíÒËÃÑºªˆÇ§ 1 ≤ k ≤ 40000 ¾ºÇˆÒ

R̃0(q) = 1 + 0.2700q−1 + 0.1802q−2 + 0.1212q−3,

σ2
mv0 = (1 + 0.27002 + 0.18022 + 0.12122)σ2

w = 1.1203σ2
w = 0.4031,

ηmv,A0 =
σ2

mv0

σ2
y0

.
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- ÊíÒËÃÑºªˆÇ§ 40001 ≤ k ≤ 80000 ¾ºÇˆÒ

R̃1(q) = 1 + 0.3700q−1 + 0.2849q−2 + 0.2194q−3,

σ2
mv1 = (1 + 0.37002 + 0.38492 + 0.21942)σ2

w = 1.2662σ2
w = 0.4556,

ηmv,A1 =
σ2

mv1

σ2
y1

.

- ÊíÒËÃÑºªˆÇ§ 80001 ≤ k ≤ 120000 ¾ºÇˆÒ

R̃2(q) = 1 + 0.1700q−1 + 0.0969q−2 + 0.0552q−3,

σ2
mv2 = (1 + 0.17002 + 0.09692 + 0.05522)σ2

w = 1.0413σ2
w = 0.3747,

ηmv,A2 =
σ2

mv2

σ2
y2

.

• ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ

- ÊíÒËÃÑºªˆÇ§ 1 ≤ k ≤ 40000 ¾ºÇˆÒ

y0,mv0(k) = R̃0(q)w(k)

= (1 + 0.2700q−1 + 0.1802q−2 + 0.1212q−3)w(k),

σ2
y0,mv0 = 0.4031,

∴ ηmv,B0 =
σ2

y0,mv0

σ2
y0

.

- ÊíÒËÃÑºªˆÇ§ 40001 ≤ k ≤ 80000 ¾ºÇˆÒ

y1,mv0(k) =
Gw1(q)
Gw0(q)

R̃0(q)w(k)

=
(1− 0.67q−1)
(1− 0.77q−1)

(1 + 0.2700q−1 + 0.1802q−2 + 0.1212q−3)w(k),

σ2
y1,mv0 = 0.5086,

∴ ηmv,B1 =
σ2

y1,mv0

σ2
y1

.
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- ÊíÒËÃÑºªˆÇ§ 80001 ≤ k ≤ 120000 ¾ºÇˆÒ

y2,mv0(k) =
Gw2(q)
Gw0(q)

R̃0(q)w(k)

=
(1− 0.67q−1)
(1− 0.57q−1)

(1 + 0.2700q−1 + 0.1802q−2 + 0.1212q−3)w(k),

σ2
y2,mv0 = 0.4336,

∴ ηmv,B2 =
σ2

y2,mv0

σ2
y2

.

µˆÍä»à»“¹¡ÒÃ¨íÒÅÍ§¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðà¾×èÍà»ÃÕÂºà·ÕÂº¤ˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹Ð àÁ×èÍ¾ÅÇÑµ¢Í§¡ÒÃÃº

¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ¤×Í Gw0, Gw1 áÅÐ Gw2. àÃÔèÁµ‰¹ ¡íÒË¹´ãË‰ Gw0 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§

¤Çº¤ØÁã¹ªˆÇ§·Õè 1 ¶Ö§ªˆÇ§·Õè 20 (1 ≤ k ≤ 40000), Gw1 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 21

¶Ö§ªˆÇ§·Õè 40 (40001 ≤ k ≤ 80000) áÅÐ Gw2 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 41 ¶Ö§ªˆÇ§·Õè

60 (80001 ≤ k ≤ 120000) µÒÁÅíÒ´Ñº. ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´áººàÍáÅÐáºººÕáÊ´§´Ñ§ÃÙ»·Õè 3.8. àÁ×èÍà»ÅÕèÂ¹ãË‰ Gw2 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§

·Õè 1 ¶Ö§ªˆÇ§·Õè 20, Gw1 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 21 ¶Ö§ªˆÇ§·Õè 40 áÅÐ Gw0 à»“¹¾ÅÇÑµ

¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 41 ¶Ö§ªˆÇ§·Õè 60 µÒÁÅíÒ´Ñº. ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ áÊ´§´Ñ§ÃÙ»·Õè 3.9.
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ÃÙ»·Õè 3.8: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ àÁ×èÍ¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹
á»Å§¨Ò¡ Gw0 ä»à»“¹ Gw1 áÅÐ Gw2 µÒÁÅíÒ´Ñº
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ÃÙ»·Õè 3.9: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ àÁ×èÍ¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹
á»Å§¨Ò¡ Gw2 ä»à»“¹ Gw1 áÅÐ Gw0 µÒÁÅíÒ´Ñº

¨Ò¡ÃÙ»·Õè 3.8 áÅÐÃÙ»·Õè 3.9 ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ

ÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§ã¹á¹Çâ¹‰Áà´ÕÂÇ¡Ñ¹ â´Â´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕÊÒÁÒÃ¶ºˆ§ªÕé¡ÒÃ

à»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ã¹Ç§¤Çº¤ØÁä´‰ªÑ´à¨¹¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ. à¹×èÍ§¨Ò¡

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍã¹áµˆÅÐªˆÇ§ä´‰ÁÒ¨Ò¡¡ÒÃ¾Ô¨ÒÃ³Ò¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§µÑÇ

¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ áµˆµÑÇ¤Çº¤ØÁ·Õèãª‰ã¹Ç§¤Çº¤ØÁ·ÕèàÃÒ¾Ô¨ÒÃ³Òà»“¹µÑÇ¤Çº¤ØÁ

·ÕèäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. àÃÒ¨Ö§¡ÅˆÒÇä´‰ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍà»“¹´ÃÃª¹ÕÊÁÃÃ¶¹Ð

·Õèá»Ã¼Ñ¹µÒÁªˆÇ§àÇÅÒ. ã¹¢³Ð·Õè´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕä´‰ÁÒ¨Ò¡¡ÒÃ¾Ô¨ÒÃ³Ò¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¨Ò¡µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à¾ÕÂ§µÑÇà´ÕÂÇ ¹Ñè¹¤×Í´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´áºººÕäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. ¨Ò¡ÊÒàËµØ´Ñ§¡ÅˆÒÇ ¨Ö§à»“¹¼ÅãË‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕÁÕ¤ÇÒÁàËÁÒÐÊÁ áÅÐÊÁ¨ÃÔ§¡ÑºÊÀÒÇÐ¢Í§Ç§¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒÁÒ¡

¡ÇˆÒ¡ÒÃãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ.

3.5 º·ÊÃØ»

º·¹Õé¹íÒàÊ¹Í¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ «Öè§à»“¹¡ÒÃ¤Çº¤ØÁ·ÕèãË‰¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹

ÊÑ­­Ò³ÍÍ¡¨Ò¡Ç§¤Çº¤ØÁ. ¾Ã‰ÍÁ·Ñé§¹íÒàÊ¹Í¡ÒÃãª‰¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´à»“¹¤ˆÒÁÒµÃ°Ò¹ã¹¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹ÐÊíÒËÃÑºÇ§¤Çº¤ØÁ. ¹Í¡¨Ò¡¹ÕéàÃÒÂÑ§ä´‰áÊ´§ÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

à¾×èÍ¹íÒä»»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐÊíÒËÃÑºÇ§¤Çº¤ØÁµˆÒ§æ â´Âáºˆ§¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÍÍ¡à»“¹

ÊÍ§»ÃÐàÀ·. »ÃÐàÀ·áÃ¡àÃÕÂ¡ÇˆÒ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ «Öè§à»“¹¤ˆÒÁÒµÃ°Ò¹·Õèä´‰
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¨Ò¡¡ÒÃ¾Ô¨ÒÃ³ÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ. »ÃÐàÀ··ÕèÊÍ§àÃÕÂ¡ÇˆÒ¤ˆÒÁÒµÃ°Ò¹ÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ «Öè§à»“¹¤ˆÒÁÒµÃ°Ò¹·Õèä´‰¨Ò¡¡ÒÃ¾Ô¨ÒÃ³ÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·ÕèäÁˆá»Ã

¼Ñ¹µÒÁàÇÅÒ. ã¹µÍ¹·‰ÒÂ àÃÒä´‰áÊ´§µÑÇÍÂˆÒ§à»ÃÕÂºà·ÕÂº¡ÒÃãª‰¤ˆÒÁÒµÃ°Ò¹·Ñé§ÊÍ§»ÃÐàÀ·à»“¹¤ˆÒ

ÁÒµÃ°Ò¹ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ. ¨Ò¡µÑÇÍÂˆÒ§áÃ¡«Öè§à»“¹µÑÇÍÂˆÒ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Ñé§áºº

àÍáÅÐáºººÕÊÒÁÒÃ¶ªÕéºˆ§¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ä´‰àªˆ¹à´ÕÂÇ¡Ñ¹. ã¹µÑÇÍÂˆÒ§·ÕèÊÍ§«Öè§à»“¹¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºº

ºÕÊÒÁÒÃ¶ºˆ§ªÕé¡ÒÃà»ÅÕèÂ¹á»Å§ä´‰ªÑ´à¨¹¡ÇˆÒ áÅÐÁÕ¤ÇÒÁÊÁ¨ÃÔ§¡ÑºÊÀÒÇÐ¢Í§Ç§¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒÁÒ¡

¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ.
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´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

º·¹Õé¹íÒàÊ¹Í¹ÔÂÒÁáÅÐÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ «Öè§¢ÂÒÂ¼Å

¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ðä»ÊÙˆ¡Ã³Õ·ÕèÁÕ¡ÒÃ¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹. ÊˆÇ¹áÃ¡¡ÅˆÒÇ¶Ö§ÊÑ­­Ò³ÍÍ¡·Õè

ÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹áÅÐ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹. ÊˆÇ¹·ÕèÊÍ§¹íÒàÊ¹Í´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹áÅÐ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ â´Âáºˆ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÍ¡à»“¹

ÊÍ§»ÃÐàÀ· ¤×Í¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ. ã¹µÍ¹·‰ÒÂä´‰

áÊ´§µÑÇÍÂˆÒ§ à¾×èÍà»ÃÕÂºà·ÕÂº¡ÒÃãª‰¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§ÊÍ§»ÃÐàÀ·ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ»”´.

4.1 ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

¨Ò¡¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ã¹ §3.2 áÊ´§ãË‰àËç¹ÇˆÒàÃÒ¤íÒ¹Ç³

¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ä´‰¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒÊÑ­­Ò³ÍÍ¡¢Í§

Ç§¤Çº¤ØÁ. àÁ×èÍ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡ y(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ã¹ÃÙ»Í¹Ø¡ÃÁàÇÅÒ¤×Í

y(k) = w(k) + h1w(k − 1) + h2w(k − 2) + · · · . (4.1)

¹Í¡¨Ò¡¹Õé ÂÑ§¾ºÇˆÒÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤×Í

ymv(k) = w(k) + h1w(k − 1) + h2w(k − 2) + hd−1w(d− 1).

â´Â·Õè d ¤×ÍàÇÅÒ»ÃÐÇÔ§¢Í§¡ÃÐºÇ¹¡ÒÃ áÅÐàÃÒÊÒÁÒÃ¶¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ä´‰

¨Ò¡¡ÒÃ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ ymv ¢Í§Ç§¤Çº¤ØÁ´Ñ§¹Õé

σ2
mv = (1 + h2

1 + · · ·+ h2
d−1)σ

2
w.

à¹×èÍ§¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒà¾×èÍ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹·Õè¡ÅˆÒÇÁÒ¢‰Ò§µ‰¹¹Ñé¹ÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹·ÕèÁÕ

ÍÂÙˆã¹ÊÑ­­Ò³ÍÍ¡. ÍÂˆÒ§äÃ¡çµÒÁ ÊÑ­­Ò³ÍÍ¡·ÕèÇÑ´ä´‰ÁÑ¡ÁÕ¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹ÃÇÁ

ÍÂÙˆ´‰ÇÂ. µˆÍä» ¨Ö§¹íÒàÊ¹Í¡ÒÃ¤íÒ¹Ç¹¤ˆÒÁÒµÃ°Ò¹·Õè¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ÊÑ­­Ò³ÍÍ¡. ·Ñé§¹Õé¨Ò¡

§2.4 ä´‰¡íÒË¹´ãË‰ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹¤×Í

ỹ(k) = y(k) + δy(k),

â´Â·Õè δy(k) à»“¹¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¢Í§ÊÑ­­Ò³ÍÍ¡ ¡ÅˆÒÇ¤×Í

‖δy(k)‖ ≤ α, α ≥ 0.
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¡íÒË¹´ãË‰ ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ã¹ÃÙ»Í¹Ø¡ÃÁ

àÇÅÒ¤×Í

ỹ(k) = w(k) + h̃1w(k − 1) + h̃2w(k − 2) + · · · . (4.2)

¨Ò¡¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ã¹ §3.1 ¾ºÇˆÒÊÑ­­Ò³ÍÍ¡ÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

ÁÕ¤ˆÒà»“¹ÈÙ¹ÂŒËÅÑ§¨Ò¡àÇÅÒ¼ˆÒ¹ä»à·ˆÒ¡ÑºàÇÅÒ»ÃÐÇÔ§. ¨Ò¡ÊÁ¡ÒÃ (4.2) àÁ×èÍ¡íÒË¹´ãË‰ÊÑÁ»ÃÐÊÔ·¸Ôì

h̃d, h̃d+1, . . . ÁÕ¤ˆÒà»“¹ÈÙ¹ÂŒ, ¨Ðä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤×Í

ỹmv(k) = w(k) + h̃1w(k − 1) + h̃2w(k − 2) + h̃d−1w(d− 1). (4.3)

à¾×èÍ¤ÇÒÁÊÐ´Ç¡ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹¢Í§ ỹ(k) ã¹ÊÁ¡ÒÃ (4.2) ¨Ö§¨Ñ´ÃÙ»ÊÁ¡ÒÃãËÁˆ ´Ñ§¹Õé

ỹ(k) =
∞∑

i=0

h̃iw(k − i), h̃0 = 1. (4.4)

àÃÒ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò¹ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ä´‰´Ñ§¹Õé

σ2
ỹ = sup

‖δy‖≤α

E
{
ỹ2(k)

}

= sup
‖δy‖≤α

E

{ ∞∑
i=0

h̃iw(k − i)y(k)

}

= sup
‖δy‖≤α

∞∑
i=0

h̃iE {w(k − i)y(k)}

= sup
‖δy‖≤α

∞∑
i=0

h̃iE

w(k − i)
∞∑

j=0

h̃jw(k − j)


= sup

‖δy‖≤α

∞∑
i=0

h̃i

∞∑
j=0

h̃jE {w(k − i)w(k − j)} (4.5)

àÁ×èÍ w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹ σ2
w áÅÐ¨Ò¡¤Ø³ÊÁºÑµÔ¢Í§ w(k) ã¹ (2.25)¨Ðä´‰ÇˆÒ¤ˆÒ

á»Ã»ÃÇ¹ÊÑ­­Ò¹ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ã¹ÊÁ¡ÒÃ (4.5) ¨Ñ´ÃÙ»ä´‰à»“¹

σ2
ỹ = sup

‖δy‖≤α

∞∑
i=0

h̃2
i σ

2
w

= sup
‖δy‖≤α

(1 + h̃2
1 + h̃2

2 + · · · )σ2
w. (4.6)

¨Ò¡ÊÁ¡ÒÃ (4.6) àÁ×èÍá·¹ h̃i = 0, i ≥ d ¨Ðä´‰ÇˆÒ¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ ỹmv(k) ¤×Í

σ2
rmv = sup

‖δy‖≤α

(1 + h̃2
1 + h̃2

2 + · · ·+ h̃2
d−1)σ

2
w. (4.7)



45

â´Â·Õè σ2
rmv à»“¹¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´.

¤ˆÒá»Ã»ÃÇ¹¢Í§ÊÑ­­Ò³ÍÍ¡ã¹ÊÁ¡ÒÃ (4.6) áÅÐÊÁ¡ÒÃ (4.7) áÊ´§ãË‰àËç¹ÇˆÒ

σ2
rmv ≤ σ2

ỹ. (4.8)

¹Ñè¹¤×Í σ2
rmv à»“¹¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§Ç§¤Çº¤ØÁ áÅÐàÃÒàÃÕÂ¡

σ2
rmv ÇˆÒ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹¢Í§Ç§¤Çº¤ØÁÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¢Í§ÊÑ­­Ò³ÍÍ¡.

4.2 ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

¨Ò¡ §4.1 àÃÒ¾ºÇˆÒ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ σ2
rmv à»“¹¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ

¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§Ç§¤Çº¤ØÁ. à¾×èÍ¤íÒ¹Ö§¶Ö§¼Å¢Í§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð ¨Ö§àÅ×Í¡ãª‰

σ2
rmv à»“¹¤ˆÒÁÒµÃ°Ò¹ áÅÐàÃÕÂ¡¤ˆÒÁÒµÃ°Ò¹´Ñ§¡ÅˆÒÇÇˆÒ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹. µˆÍä»

¹ÔÂÒÁ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ ηrmv à»“¹ÍÑµÃÒÊˆÇ¹¢Í§¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹µˆÍ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ ´Ñ§ÊÁ¡ÒÃ (4.9)

ηrmv =
σ2

rmv

σ2
ỹ

. (4.9)

â´Â·Õè σ2
rmv à»“¹¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ áÅÐ σ2

ỹ à»“¹¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁ

äÁˆá¹ˆ¹Í¹¢Í§Ç§¤Çº¤ØÁ. à¹×èÍ§¨Ò¡ σ2
rmv ≤ σ2

ỹ ¨Ö§à»“¹¼ÅãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ 0 áµˆ¹‰ÍÂ¡ÇˆÒËÃ×Íà·ˆÒ¡Ñº 1 (0 < ηrmv ≤ 1).

• ηrmv → 1 ËÁÒÂ¤ÇÒÁÇˆÒ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒµíèÒàÁ×èÍà·ÕÂº¡Ñº¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹ «Öè§ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¡ÑºÊÁÃÃ¶¹ÐËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹·Õè´Õ¢Í§Ç§¤Çº¤ØÁ. ã¹¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹ÐËÒ¡ ηrmv → 1 àÃÒÍÒ¨äÁˆÊÒÁÒÃ¶·íÒãË‰¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒÅ´

Å§ä´‰â´Â¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁ·Õèãª‰ÍÂÙˆ áÁ‰ÇˆÒ¨ÐÂÍÁÃÑº¤ˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹Ð¹Ñé¹ËÃ×Í

äÁˆ.

• ηrmv → 0 ËÁÒÂ¤ÇÒÁÇˆÒ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒÊÙ§àÁ×èÍà·ÕÂº¡Ñº¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹ «Öè§ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¡ÑºÊÁÃÃ¶¹ÐËÃ×ÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹·ÕèàÅÇ¢Í§Ç§¤Çº¤ØÁ. ã¹¡ÒÃ

»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐËÒ¡ ηrmv → 0 àÃÒÊÒÁÒÃ¶·íÒãË‰¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁÁÕ¤ˆÒ

Å´Å§ä´‰â´Â¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁ·Õèãª‰ÍÂÙˆ.

¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ã¹ÊÁ¡ÒÃ (4.9) µ‰Í§¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹¡ˆÍ¹. ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ã¹ÊÁ¡ÒÃ (4.7) µ‰Í§

ÃÙ‰¤ˆÒá»Ã»ÃÇ¹¡ÒÃÃº¡Ç¹áÅÐ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì h̃1, h̃2, . . . , h̃d−1 «Öè§ËÒä´‰¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ

¢Í§ÊÑ­­Ò¹ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§Ç§¤Çº¤ØÁ»”´. àÃÒÊÃØ»¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹¢Í§Ç§¤Çº¤ØÁ»”´ä´‰´Ñ§¹Õé
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(a) ËÒÊÑÁ»ÃÐÊÔ·¸Ôì φ̃1, φ̃2, . . . , φ̃na
¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹ áÅÐ¤íÒ¹Ç³

σ2
w ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹. àÁ×èÍ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ

¹Í¹áººÁÕ¢Íºà¢µ ỹ(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÍÑ¹´Ñº na ¤×Í

Φ̃(q)ỹ(k) = w(k), (4.10)

â´Â·Õè

Φ̃(q) = 1 + φ̃1q
−1 + φ̃2q

−2 + · · ·+ φ̃naq−na . (4.11)

¨Ò¡¹Ñé¹á»Å§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÀÒÂãµ‰¤ÇÒÁäÁˆá¹ˆ¹Í¹ãË‰ÍÂÙˆã¹ÃÙ»áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè

à¾×èÍËÒ¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì θ̃1, θ̃2, . . . ¢Í§áºº¨íÒÅÍ§. àÁ×èÍáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õèà»“¹áºº¨íÒÅÍ§·Õè

ÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ(k) ¡Ñº¡ÒÃÃº¡Ç¹ w(k) ´Ñ§¹Õé

y(k) = Θ̃(q)w(k),

â´Â·Õè

Θ̃(q) = 1 + θ̃1q
−1 + θ̃2q

−2 + · · · .

áÅÐ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ ỹ(k) ¡Ñº w(k) ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õèã¹ÃÙ»Í¹Ø¡ÃÁàÇÅÒ¤×Í

y(k) = w(k) + θ̃1w(k − 1) + θ̃2w(k − 2) + · · ·+ θ̃d−1w(k − d + 1) + · · · .

¨Ò¡Í¹Ø¡ÃÁàÇÅÒ¨Ðä´‰ÇˆÒ h̃i = θ̃i, i = 1, 2, . . . , d− 1.

(b) ¤íÒ¹Ç³ÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ σ2
rmv ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
rmv = (1 + h̃2

1 + · · ·+ h̃2
d−1)σ

2
w.

(c) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ σ2
ỹ ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
ỹ =

1
N − 1

N∑
k=1

ỹ2(k).

(d) ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ηrmv =
σ2

rmv

σ2
ỹ

.

(e) ¾Ô¨ÒÃ³Ò´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁµˆÍä».

¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ã¹¢‰Ò§µ‰¹ áÊ´§à»“¹á¼¹¼Ñ§ä´‰´Ñ§ÃÙ»·Õè 4.2.

à¹×èÍ§¨Ò¡¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÁÕ¤ˆÒ¢Öé¹¡Ñº¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁ àªˆ¹à´ÕÂÇ¡Ñ¹¡Ñº

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. àÃÒ¨Ö§áºˆ§¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ä´‰à»“¹ 2 áºº. áººáÃ¡àÃÕÂ¡ÇˆÒ

¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ «Öè§à»“¹¤ˆÒÁÒµÃ°Ò¹·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ. áºº·ÕèÊÍ§àÃÕÂ¡ÇˆÒ

¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ «Öè§à»“¹¤ˆÒÁÒµÃ°Ò¹·ÕèäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. â´ÂÃÒÂÅÐàÍÕÂ´

¡ÒÃ¤íÒ¹Ç³¢Í§áµˆÅÐáºº¾Ô¨ÒÃ³Òä´‰ã¹ §4.2.1áÅÐ §4.2.2µÒÁÅíÒ´Ñº.
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Performance Assessment

End

Retuning
controller

Uncertain output datãy(k)

Performance monitoring

Begin

Rejectηrmv

Acceptηrmv

e

ηrmv ≤ ε

ηrmv

Calculate performance index based on robust minimum variance

c

robust minimum variance

h̃1, h̃2, . . . , h̃d−1 andσ2
wi

b

output variance
CalculateClosed-loop identfication and

σ2
rmv

a

time-series analysis of each section

σ2
ỹ

d

Calculate archievable

ÃÙ»·Õè 4.1: á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

4.2.1 ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ

¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍà»“¹¤ˆÒµíèÒÊØ´¢Í§¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁ

äÁˆá¹ˆ¹Í¹¢Í§áµˆÅÐªˆÇ§. à¹×èÍ§¨Ò¡¢‰ÍÁÙÅã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¨ÐÁÕËÅÒÂªˆÇ§. µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´·Õè¾Ô¨ÒÃ³Òã¹áµˆÅÐªˆÇ§ÍÒ¨à»“¹µÑÇà´ÕÂÇ¡Ñ¹ËÃ×ÍµˆÒ§¡Ñ¹¡çä´‰ ¢Öé¹¡Ñº¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍ

Ç§¤Çº¤ØÁ. ËÒ¡ã¹·Ø¡ªˆÇ§àÇÅÒ¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹äÁˆÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

·Õè¾Ô¨ÒÃ³Ò¨Ðà»“¹µÑÇà´ÕÂÇ¡Ñ¹. áµˆ¶‰Òã¹·Ø¡ªˆÇ§àÇÅÒ¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ µÑÇ¤Çº¤ØÁ·Õè
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¾Ô¨ÒÃ³Ò¨Ðà»“¹µÑÇ¤Çº¤ØÁ·ÕèµˆÒ§¡Ñ¹. ¡íÒË¹´ãË‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÍÍ¡à»“¹ªˆÇ§¤×Í

ỹ = {ỹ0, ỹ1, ỹ2, . . .}

àÁ×èÍ ỹi à»“¹¢‰ÍÁÙÅ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ªˆÇ§·Õè i â´Â·Õè i = 0, 1, 2, . . . áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹à·ˆÒ

¡Ñº N ¨Ðä´‰ÇˆÒà»“¹Í¹Ø¡ÃÁàÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§áµˆÅÐªˆÇ§¤×Í

ỹ0 = {ỹ(1), ỹ(2), . . . , ỹ(N)}

ỹ1 = {ỹ(N + 1), ỹ(N + 2), . . . , ỹ(2N)}

ỹ2 = {ỹ(2N + 1), ỹ(2N + 2), . . . , ỹ(3N)}

...
...

ỹi = {ỹ(Ni + 1), ỹ(Ni + 2), . . . , ỹ(Ni + N)}

¹Í¡¨Ò¡¹Õé¡íÒË¹´ãË‰

Gwi à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹ã¹ªˆÇ§·Õè i.

Gc,mvi à»“¹µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¢Í§ªˆÇ§·Õè i.

σ2
ỹi,rmvi à»“¹¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹¢Í§ªˆÇ§·Õè i.

σ2
ỹi à»“¹¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹áººÁÕ¢Íºà¢µ¢Í§ªˆÇ§·Õè i.

ηrmv,Ai à»“¹´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ¢Í§ªˆÇ§·Õè i.

¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ¢Í§áµˆÅÐªˆÇ§ ÊÃØ»äÇ‰ã¹µÒÃÒ§·Õè 4.1.

µÒÃÒ§·Õè 4.1: ¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ¢Í§¢‰ÍÁÙÅáµˆÅÐªˆÇ§

¢‰ÍÁÙÅ ¾ÅÇÑµ
¡ÒÃÃº¡Ç¹

µÑÇ¤Çº¤ØÁ
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤ˆÒá»Ã»ÃÇ¹
µíèÒÊØ´¤§·¹

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ
á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ

ỹ0 Gw0 Gc,mv0 σ2
ỹ0,rmv0

σ2
ỹ0,rmv0

σ2
ỹ0

ỹ1 Gw1 Gc,mv1 σ2
ỹ1,rmv1

σ2
ỹ1,rmv1

σ2
ỹ1

...
...

...
...

...

¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍÁÕ¢Ñé¹µÍ¹´Ñ§¹Õé
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(a) ËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹ â´Âãª‰ÊÑ­­Ò³

ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹi(k) ¢Í§áµˆÅÐªˆÇ§ áÅÐ»ÃÐÁÒ³¡ÒÃÃº¡Ç¹¨Ò¡¤ˆÒµ¡¤‰Ò§¢Í§¡ÒÃá¡‰

»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹. àÁ×èÍáºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂÁÕ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ

¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹi(k) ¡Ñº¡ÒÃÃº¡Ç¹ wi(k) à»“¹

Φ̃i(q)ỹi(k) = wi(k), i = 1, 2, . . .

¨Ò¡¹Ñé¹ á»Å§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂãË‰ÍÂÙˆã¹ÃÙ»áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè à¾×èÍËÒ¾ÒÃÒÁÔàµÍÃŒ

¢Í§¾ËØ¹ÒÁ Θi(q) ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè. àÁ×èÍáºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·ÕèÁÕ¤ÇÒÁ

ÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹi(k) ¡Ñº¡ÒÃÃº¡Ç¹ wi(k) à»“¹

ỹi(k) = Θ̃i(q)wi(k),

àÁ×èÍ¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§ ỹi(k) ¡Ñº wi(k) ¢Í§áºº¨íÒÅÍ§¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õèã¹ÃÙ»Í¹Ø¡ÃÁàÇÅÒ ¤×Í

ỹi(k) = wi(k) + θ̃i,1wi(k − 1) + θ̃i,2wi(k − 2) + · · ·+ θ̃i,d−1wi(k − d + 1) + · · · .

¨Ò¡Í¹Ø¡ÃÁàÇÅÒ¨Ðä´‰ÇˆÒ h̃i,j = θ̃i,j , i = 1, 2, . . . , j = 1, 2, . . . , d− 1.

(b) ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ σ2
ỹi,rmvi ¢Í§ªˆÇ§·Õè i ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
ỹi,rmvi = (1 + h̃2

i,1 + h̃2
i,2 + · · ·+ h̃2

i,d−1)σ
2
wi.

(c) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡ σ2
ỹi ¢Í§ªˆÇ§·Õè i ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

σ2
ỹi =

1
N − 1

N∑
k=1

ỹ2
i (k).

(d) ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ¢Í§áµˆÅÐªˆÇ§ ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ηrmv,Ai =
σ2

ỹi,rmvi

σ2
ỹi

.

(e) ¾Ô¨ÒÃ³Ò´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ¢Í§áµˆÅÐªˆÇ§ à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¢Í§Ç§¤Çº¤ØÁµˆÍä».

¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÊ´§à»“¹á¼¹¼Ñ§ä´‰´Ñ§ÃÙ»·Õè 4.2.1.

4.2.2 ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ

¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ à»“¹¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹

ÀÒÂãµ‰µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÒµÃ°Ò¹Ë¹Öè§µÑÇ. ¹Ñè¹¤×Í ¶‰ÒàÃÒãË‰ Gc,mv0 à»“¹µÑÇ¤Çº¤ØÁ¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´ÁÒµÃ°Ò¹, ¨Ðä´‰ÇˆÒ¤ˆÒÁÒµÃ°Ò¹¤×Í ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÀÒÂãµ‰
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Performance Assessment

End

time-series analysis of each section
Closed-loop identfication and

a

output variance
Calculate

c

Calculate type-A benchmark
of each section

Retuning
controller

Seperatẽy(k) into sections

Begin

Performance monitoring

ỹi, i = 0, 1, 2, . . .

Rejectηrmv,Ai

Acceptηrmv,Ai

h̃i,1, h̃i,2, . . . , h̃i,d−1 andσ2
wi

σ2
ỹi,rmvi

b

σ2
ỹi

Calculate performance index based on robust minimum variance type-A

ηrmv,Ai

e

d

Uncertain output datãy(k)

ηrmv,Ai ≤ ε

ÃÙ»·Õè 4.2: á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ

µÑÇ¤Çº¤ØÁ Gc,mv0 ¢Í§áµˆÅÐªˆÇ§. ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕÁÕËÅÑ¡¡ÒÃ¾Ô¨ÒÃ³Òàªˆ¹

à´ÕÂÇ¡Ñº·Õèä´‰¡ÅˆÒÇäÇ‰ã¹ §3.3.2.¡íÒË¹´ãË‰ áºˆ§¢‰ÍÁÙÅÍÍ¡à»“¹ªˆÇ§¤×Í

ỹ = {ỹ0, ỹ1, ỹ2, . . .}

â´Â·Õè ỹi à»“¹¢‰ÍÁÙÅªˆÇ§·Õè i áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹à·ˆÒ¡Ñº N . àÁ×èÍàÅ×Í¡ªˆÇ§¢‰ÍÁÙÅ ỹ0

à»“¹µÑÇá·¹à¾×èÍËÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. µÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´, ¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ¢Í§áµˆÅÐªˆÇ§áÊ´§ã¹µÒÃÒ§·Õè 4.2.
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µÒÃÒ§·Õè 4.2: ¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ¢Í§¢‰ÍÁÙÅáµˆÅÐªˆÇ§

¢‰ÍÁÙÅ ¾ÅÇÑµ
¡ÒÃÃº¡Ç¹

µÑÇ¤Çº¤ØÁ
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤ˆÒá»Ã»ÃÇ¹
µíèÒÊØ´¤§·¹

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ
¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ

ỹ0 Gw0 Gc,mv0 σ2
ỹ0,rmv0

σ2
ỹ0,rmv0

σ2
ỹ0

ỹ1 Gw1 Gc,mv0 σ2
ỹ1,rmv0

σ2
ỹ1,rmv0

σ2
ỹ1

...
...

...
...

...

¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕÁÕ¢Ñé¹µÍ¹µˆÒ§æ ´Ñ§¹Õé

(a) ÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ¢Í§ªˆÇ§¢‰ÍÁÙÅ ỹ0, ỹ1, ỹ2, . . . áÅÐ»ÃÐÁÒ³ËÒ Gcli, R̃0(q) áÅÐ σ2
wi ¨Ò¡¡ÒÃá¡‰

»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹.

(b) ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ ¨Ò¡¡ÒÃ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·Õè

ÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÀÒÂãµ‰¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0 ¢Í§áµˆÅÐªˆÇ§. àÁ×èÍÊÑ­­Ò³ÍÍ¡·ÕèÁÕ

¤ÇÒÁäÁˆá¹ˆ¹Í¹ÀÒÂãµ‰¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ Gc,mv0 ¢Í§áµˆÅÐªˆÇ§ÁÕ¤ˆÒ´Ñ§¹Õé

ỹ0,mv0(k) = R̃0(q)w(k)

ỹ1,mv0(k) =
Gcl1

Gcl0
R̃0(q)w(k)

ỹ2,mv0(k) =
Gcl2

Gcl0
R̃0(q)w(k)

...
...

...

(c) ¤íÒ¹Ç³¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆÍ¹¢Í§áµˆÅÐªˆÇ§

σ2
ỹi =

1
N − 1

N∑
k=1

ỹ2
i (k).

(d) ¤íÒ¹Ç³ËÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ

ηrmv,Bi =
σ2

ỹi,rmv0

σ2
ỹi

.

(e) ¾Ô¨ÒÃ³Ò´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ¢Í§áµˆÅÐªˆÇ§ à¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¢Í§Ç§¤Çº¤ØÁµˆÍä».

¢Ñé¹µÍ¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕáÊ´§ä´‰´Ñ§ÃÙ»·Õè 4.3.
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ηrmv,Bi ≤ ε

Retuning

controller

- Representative section:ỹ0

- Other sections:̃y1, ỹ2, . . .

define the most representative section

Seperatẽy(k) into sections and

Uncertain output datãy(k)

Performance monitoring

Begin

End

Performance Assessment

Closed-loop identification and
a c

time-series analysis of each section output variance

Calculate

Acceptηrmv,Bi

Rejectηrmv,Bi

σ2
ỹi,rmv0

i = 0, 1, 2, . . .

d

Calculate performance index based on robust minimum variance type-B

b

of each section

Calculate Tybe-B benchmark

R̃0, Gcli andσ2
wi

i = 0, 1, 2, . . . i = 0, 1, 2, . . .

σ2
ỹi

ηrmv,Bi

e

ÃÙ»·Õè 4.3: á¼¹¼Ñ§¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ
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4.3 µÑÇÍÂˆÒ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

µÑÇÍÂˆÒ§·Õè¹íÒàÊ¹Íã¹º·¹ÕéÁÕÊÍ§µÑÇÍÂˆÒ§¤×Í ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¾ÒÃÒ

ÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ áÅÐ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹.

4.3.1 ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ

¾Ô¨ÒÃ³ÒÇ§¤Çº¤ØÁ·Õè»ÃÐ¡Íº´‰ÇÂ¡ÃÐºÇ¹¡ÒÃ, µÑÇ¤Çº¤ØÁáÅÐ¡ÒÃÃº¡Ç¹àªˆ¹à´ÕÂÇ¡ÑºµÑÇÍÂˆÒ§ã¹

§3.4.1´Ñ§¹Õé

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¡ÃÐºÇ¹¡ÒÃ¤×Í

Gp(q) = q−4 B

A
= q−4 b

(1− aq−1)
.

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§µÑÇ¤Çº¤ØÁ¤×Í

Gc(q) =
S

R
=

(0.7− 0.47q−1)
(0.33− 0.1q−1 − 0.23q−4)

.

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹¤×Í

Gw(q) =
C

D
=

(1− 0.4q−1)
(1− 0.67q−1)

.

• w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹ σ2
w = 0.36.

¡íÒË¹´ãË‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ ỹ à»“¹ 50 ªˆÇ§´Ñ§¹Õé

ỹ = {ỹ0, ỹ1, y2, . . . , y49}.

àÁ×èÍ ỹi à»“¹¢‰ÍÁÙÅªˆÇ§·Õè i = 0, 1 , 2, . . . , 49 áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 2000 ¨Ðä´‰ÇˆÒÍ¹Ø¡ÃÁ

àÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áµˆÅÐªˆÇ§ÁÕ¤ˆÒ´Ñ§¹Õé

ỹ0 = {ỹ(1), ỹ(2), . . . , ỹ(2000)},

ỹ1 = {ỹ(2001), ỹ(2002), . . . , ỹ(4000)},

ỹ2 = {ỹ(4001), ỹ(4002), . . . , ỹ(6000)},

...
...,

ỹ49 = {ỹ(98001), ỹ(98002), . . . , ỹ(100000)}.

¡íÒË¹´ãË‰ÍÑµÃÒ¢ÂÒÂáÅÐ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃ ³ ÊÀÒÇÐÃÐºØ (nominal condition) ¤×Í b0 = 0.33 áÅÐ

a0 = 0.67. ¹Í¡¨Ò¡¹Õé ¡íÒË¹´ãË‰ÍÑµÃÒ¢ÂÒÂáÅÐ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§¨Ò¡¤ˆÒ ³ ÊÀÒÇÐ

ÃÐºØ·ÕèàÇÅÒµˆÒ§æ ´Ñ§¹Õé
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³ ÊÀÒÇÐÃÐºØ Gp0(q) =
0.33q−4

(1− 0.67q−1)
, 1 ≤ k ≤ 20000,

ÍÑµÃÒ¢ÂÒÂÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ 10% Gp1(q) =
0.363q−4

(1− 0.67q−1)
, 20001 ≤ k ≤ 40000,

ÍÑµÃÒ¢ÂÒÂÁÕ¤ˆÒÅ´Å§ 10% Gp2(q) =
0.297q−4

(1− 0.67q−1)
, 40001 ≤ k ≤ 60000,

¢ÑéÇÁÕ¤ˆÒà¾ÔèÁ¢Öé¹ 10% Gp3(q) =
0.33q−4

(1− 0.737q−1)
, 60001 ≤ k ≤ 80000,

¢ÑéÇÁÕ¤ˆÒÅ´Å§ 10% Gp4(q) =
0.33q−4

(1− 0.603q−1)
, 80001 ≤ k ≤ 100000.

ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ àÃÒ¡íÒË¹´¤ˆÒ¢Íºà¢µ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ρ ä´‰â´Â

¡ÒÃ¾Ô¨ÒÃ³Ò´Ñ§¹Õé

• ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡ÁÕ¢Íºà¢µ´‰ÇÂ α = 0.01 ¹Ñè¹¤×Í

‖δy(k)‖ ≤ 0.01.

• ¢‰ÍÁÙÅ·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 2000.

• ÍÑ¹´Ñº¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¤×Í na = 50.

¨Ò¡ÊÁ¡ÒÃ (2.54) àÁ×èÍá·¹¤ˆÒ¢Íºà¢µ¤ÇÒÁäÁˆá¹ˆ¹Í¹ α = 0.01, ¨íÒ¹Ç¹¢‰ÍÁÙÅ N = 2000 áÅÐÍÑ¹´Ñº

¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ na = 50 ¨Ðä´‰ÇˆÒ

‖∆‖2 ≤ 0.01
√

(2000− 50)(50 + 1) = 3.15.

´Ñ§¹Ñé¹ ã¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹¨Ö§àÅ×Í¡ ρ = 3.0 ¶Ö§ ρ = 3.5.

µˆÍä»à»“¹¡ÒÃ¨íÒÅÍ§¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð àÁ×èÍ¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§¨Ò¡ Gp0(q) ä»

à»“¹ Gp1(q) ã¹ªˆÇ§·Õè 11 ¶Ö§ 20 (20001 ≤ k ≤ 40000), à»ÅÕèÂ¹á»Å§¨Ò¡ Gp1(q) ä»à»“¹

Gp2(q) ã¹ªˆÇ§·Õè 21 ¶Ö§ 30 (40001 ≤ k ≤ 60000), à»ÅÕèÂ¹á»Å§¨Ò¡ Gp2(q) ä»à»“¹ Gp3(q)

ã¹ªˆÇ§·Õè 31 ¶Ö§ 40 (60001 ≤ k ≤ 80000) áÅÐà»ÅÕèÂ¹á»Å§¨Ò¡ Gp3(q) ä»à»“¹ Gp4(q) ã¹

ªˆÇ§·Õè 41 ¶Ö§ 50 (80001 ≤ k ≤ 100000) µÒÁÅíÒ´Ñº. ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍ¾ÒÃÒÁÔàµÍÃŒ

¢Í§¡ÃÐºÇ¹¡ÒÃÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§ä»¨Ò¡¤ˆÒ ³ ÊÀÒÇÐÃÐºØáÊ´§´Ñ§ÃÙ»·Õè 4.4. ¨Ò¡ÃÙ»·Õè 4.4 ÊÑ§à¡µä´‰

ÇˆÒ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃã¹ÊÁ¡ÒÃ (3.48) ÁÕ¼ÅµˆÍÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ. â´Â

¡ÒÃà¾ÔèÁ¢Öé¹¢Í§ÍÑµÃÒ¢ÂÒÂ¨ÐÊˆ§¼ÅãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒÅ´Å§. ã¹¢³Ð·Õè¡ÒÃÅ´

Å§¢Í§ÍÑµÃÒ¢ÂÒÂ·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹. ¹Í¡¨Ò¡¹ÕéÂÑ§¾ºÇˆÒ ¡ÒÃà¾ÔèÁ

¤ˆÒ¢ÑéÇ¢Í§¡ÃÐºÇ¹¡ÒÃ¨Ð·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒà¾ÔèÁ¢Öé¹. ÊˆÇ¹¡ÒÃÅ´¤ˆÒ¢ÑéÇ¢Í§

¡ÃÐºÇ¹¡ÒÃ¨Ð·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕ¤ˆÒÅ´Å§.
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ÃÙ»·Õè 4.4: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ àÁ×èÍ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹
¡ÒÃÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§ä»¨Ò¡¤ˆÒ ³ ÊÀÒÇÐÃÐºØ

4.3.2 ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹

¾Ô¨ÒÃ³ÒÇ§¤Çº¤ØÁ·Õè»ÃÐ¡Íº´‰ÇÂ¡ÃÐºÇ¹¡ÒÃ, µÑÇ¤Çº¤ØÁáÅÐ¡ÒÃÃº¡Ç¹·ÕèÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ

àªˆ¹à´ÕÂÇ¡ÑºµÑÇÍÂˆÒ§ã¹ §3.4.1´Ñ§¹Õé

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¡ÃÐºÇ¹¡ÒÃ¤×Í

Gp(q) =
0.33

(1− 0.67q−1)
q−4.

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§µÑÇ¤Çº¤ØÁ¤×Í

Gc(q) =
(0.7− 0.47q−1)

(0.33− 0.1q−1 − 0.23q−4)
.

• ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Õèà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ¤×Í

Gw(q) =
(1− 0.4q−1)
(1− λq−1)

,

â´Â·Õè λ à»“¹¾ÒÃÒÁÔàµÍÃŒ·Õèà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ

• w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹ σ2
w = 0.36.

¡íÒË¹´ãË‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ỹ à»“¹ 60 ªˆÇ§´Ñ§¹Õé

ỹ = {ỹ0, ỹ1, ỹ2, . . . , ỹ59}.
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àÁ×èÍ ỹi à»“¹¢‰ÍÁÙÅ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ªˆÇ§·Õè i â´Â·Õè i = 0, 1 , 2, . . . , 59 áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ

¨íÒ¹Ç¹ N = 2000 ¨Ðä´‰ÇˆÒÍ¹Ø¡ÃÁàÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹áµˆÅÐªˆÇ§ÁÕ¤ˆÒ´Ñ§¹Õé

ỹ0 = {ỹ(1), ỹ(2), . . . , ỹ(2000)},

ỹ1 = {ỹ(2001), ỹ(2002), . . . , ỹ(4000)},

ỹ2 = {ỹ(4001), ỹ(4002), . . . , ỹ(6000)},

...
...

ỹ59 = {ỹ(118001), ỹ(118002), . . . , ỹ(120000)}.

¹Í¡¨Ò¡¹Õé ¡íÒË¹´ãË‰¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ·ÕèàÇÅÒ k = 40001 áÅÐ

k = 80001 «Öè§¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ã¹áµˆÅÐªˆÇ§¤×Í

Gw0(q) =
(1− 0.4q−1)
(1− 0.67q−1)

, 1 ≤ k ≤ 40000,

Gw1(q) =
(1− 0.4q−1)
(1− 0.77q−1)

, 40001 ≤ k ≤ 80000,

Gw2(q) =
(1− 0.4q−1)
(1− 0.57q−1)

, 80001 ≤ k ≤ 120000.

ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ àÃÒ¡íÒË¹´¤ˆÒ¢Íºà¢µ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ρ ä´‰â´Â

¡ÒÃ¾Ô¨ÒÃ³Ò´Ñ§¹Õé

• ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡ÁÕ¢Íºà¢µ´‰ÇÂ α = 0.01 ¹Ñè¹¤×Í

• ¢‰ÍÁÙÅ·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 2000.

• ÍÑ¹´Ñº¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¤×Í na = 50.

¨Ò¡ÊÁ¡ÒÃ (2.54) àÁ×èÍá·¹¤ˆÒ¢Íºà¢µ¤ÇÒÁäÁˆá¹ˆ¹Í¹ α = 0.01, N = 2000 áÅÐ na = 50 ¨Ðä´‰ÇˆÒ

‖∆‖2 ≤ 0.01
√

(2000− 50)(50 + 1) = 3.15.

´Ñ§¹Ñé¹ ã¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹¨Ö§àÅ×Í¡ ρ = 3.0 ¶Ö§ ρ = 3.5.

µˆÍä»à»“¹¡ÒÃ¨íÒÅÍ§¼Åà¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐÇ§¤Çº¤ØÁ·ÕèÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹.

àÃÔèÁµ‰¹¡íÒË¹´ãË‰ Gw0 ÁÕ¼ÅµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§·Õè 1 ¶Ö§ªˆÇ§·Õè 20 (1 ≤ k ≤ 40000), Gw1 ÁÕ¼ÅµˆÍÇ§

¤Çº¤ØÁã¹ªˆÇ§·Õè 21 ¶Ö§ªˆÇ§·Õè 40 (40001 ≤ k ≤ 80000) áÅÐ Gw2 ÁÕ¼ÅµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§·Õè 41 ¶Ö§

ªˆÇ§·Õè 60 (80001 ≤ k ≤ 120000). ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹áººàÍáÅÐáºººÕáÊ´§´Ñ§ÃÙ»·Õè 4.5. àÁ×èÍà»ÅÕèÂ¹ãË‰ Gw2 ÁÕ¼ÅµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§·Õè 1 ¶Ö§ªˆÇ§·Õè 20,

Gw1 ÁÕ¼ÅµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§·Õè 21 ¶Ö§ªˆÇ§·Õè 40 áÅÐ Gw0 ÁÕ¼ÅµˆÍÇ§¤Çº¤ØÁã¹ªˆÇ§·Õè 41 ¶Ö§ªˆÇ§·Õè 60

µÒÁÅíÒ´Ñº. ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºº

ºÕáÊ´§´Ñ§ÃÙ»·Õè 4.6.
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ÃÙ»·Õè 4.5: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ àÁ×èÍ¾ÅÇÑµ¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹
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ÃÙ»·Õè 4.6: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ àÁ×èÍ¾ÅÇÑµ¡ÒÃÃº¡Ç¹à»ÅÕèÂ¹
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¨Ò¡ÃÙ»·Õè 4.5 áÅÐÃÙ»·Õè 4.6 ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕÁÕ

¤ˆÒà»ÅÕèÂ¹á»Å§ã¹á¹Çâ¹‰Áà´ÕÂÇ¡Ñ¹ â´Â·Õè´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕÊÒÁÒÃ¶ºˆ§

ªÕé¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ã¹Ç§¤Çº¤ØÁä´‰ªÑ´à¨¹¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ.

à¹×èÍ§¨Ò¡´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ¢Í§¢‰ÍÁÙÅã¹áµˆÅÐªˆÇ§ä´‰ÁÒ¨Ò¡¡ÒÃ¾Ô¨ÒÃ³Ò

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Õèá»Ã¼Ñ¹µÒÁàÇÅÒ áµˆµÑÇ¤Çº¤ØÁ·Õèãª‰ã¹Ç§¤Çº¤ØÁ»”´·ÕèàÃÒ¾Ô¨ÒÃ³Òà»“¹µÑÇ¤Çº

¤ØÁ·ÕèäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. àÃÒ¨Ö§¡ÅˆÒÇä´‰ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍà»“¹´ÃÃª¹Õ

ÊÁÃÃ¶¹Ð·Õèá»Ã¼Ñ¹µÒÁªˆÇ§àÇÅÒ. ã¹¢³Ð·Õè´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕä´‰ÁÒ¨Ò¡

¡ÒÃ¾Ô¨ÒÃ³Ò¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹à¾ÕÂ§¤ˆÒà´ÕÂÇ ¹Ñè¹¤×Í´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

áºººÕäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ. ¨Ò¡ÊÒàËµØ´Ñ§¡ÅˆÒÇ¨Ö§à»“¹¼ÅãË‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕÁÕ¤ÇÒÁÊÁ¨ÃÔ§áÅÐã¡Å‰à¤ÕÂ§¡ÑºÊÀÒÇÐ¢Í§Ç§¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒÁÒ¡¡ÇˆÒ

¡ÒÃãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ.

4.4 º·ÊÃØ»

º·¹Õé¹íÒàÊ¹Í´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ «Öè§à»“¹´ÃÃª¹ÕÊÁÃÃ¶¹Ð·Õè¤íÒ¹Ç³â´Â

¾Ô¨ÒÃ³Ò¶Ö§¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ÊÑ­­Ò³ÍÍ¡´‰ÇÂ. ¹Í¡¨Ò¡¹Õé ÂÑ§ä´‰¹íÒàÊ¹ÍÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ à¾×èÍãª‰à»“¹¤ˆÒÁÒµÃ°Ò¹ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ â´Âáºˆ§¤ˆÒÁÒµÃ

°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÍÍ¡à»“¹ÊÍ§»ÃÐàÀ·. »ÃÐàÀ·áÃ¡àÃÕÂ¡ÇˆÒ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹áººàÍ «Öè§à»“¹¤ˆÒÁÒµÃ°Ò¹·Õèä´‰¨Ò¡¡ÒÃ¾Ô¨ÒÃ³ÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Õèà»ÅÕèÂ¹á»Å§

µÒÁàÇÅÒ, »ÃÐàÀ··ÕèÊÍ§àÃÕÂ¡ÇˆÒ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ «Öè§à»“¹¤ˆÒÁÒµÃ°Ò¹·Õèä´‰

¨Ò¡¡ÒÃ¾Ô¨ÒÃ³ÒµÑÇ¤Çº¤ØÁ¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·ÕèäÁˆà»ÅÕèÂ¹á»Å§µÒÁàÇÅÒ. ã¹µÍ¹·‰ÒÂ ä´‰áÊ´§µÑÇÍÂˆÒ§

à»ÃÕÂºà·ÕÂº¡ÒÃãª‰¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§ÊÍ§»ÃÐàÀ·à»“¹¤ˆÒÁÒµÃ°Ò¹ã¹¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ. ¨Ò¡µÑÇÍÂˆÒ§áÃ¡ «Öè§à»“¹µÑÇÍÂˆÒ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§

¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§áººàÍáÅÐáºººÕ

ÊÒÁÒÃ¶ªÕéºˆ§¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ä´‰àªˆ¹à´ÕÂÇ¡Ñ¹. ã¹µÑÇÍÂˆÒ§·ÕèÊÍ§«Öè§à»“¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐàÁ×èÍ

ÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕÊÒÁÒÃ¶

ºˆ§ªÕé¡ÒÃà»ÅÕèÂ¹á»Å§ä´‰ªÑ´à¨¹¡ÇˆÒ áÅÐÁÕ¤ÇÒÁÊÁ¨ÃÔ§¡ÑºÊÀÒÇÐ¢Í§Ç§¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒÁÒ¡¡ÇˆÒ´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ.



º··Õè 5

¡ÒÃ¨íÒÅÍ§áÅÐ¡ÒÃ»ÃÐÂØ¡µŒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº¤ØÁ

º·¹Õé¹íÒàÊ¹ÍµÑÇÍÂˆÒ§¡ÒÃ¨íÒÅÍ§¼ÅáÅÐ¡ÒÃ»ÃÐÂØ¡µŒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº¤ØÁ â´Â

ãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹à»“¹µÑÇºˆ§ªÕé

¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ã¹ÃÐºº¤Çº¤ØÁ¾Ã‰ÍÁ·Ñé§à»ÃÕÂºà·ÕÂº¼ÅÅÑ¾¸Œ. ÊˆÇ¹áÃ¡à»“¹¡ÒÃ¨íÒÅÍ§¼Å¡ÒÃ

»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ «Öè§¾Ô¨ÒÃ³ÒÊÁÃÃ¶¹Ð¢Í§ÃÐººä´‰

¤ˆÒá»Ã»ÃÇ¹¢Í§¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè. ÊˆÇ¹·ÕèÊÍ§à»“¹¡ÒÃ»ÃÐÂØ¡µŒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº¤ØÁ

à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ â´Â¾Ô¨ÒÃ³ÒÊÁÃÃ¶¹Ð¢Í§ÃÐºº¨Ò¡¤ˆÒá»Ã»ÃÇ¹¢Í§¤ˆÒ¤ÅÒ´à¤Å×èÍ¹ÃÐËÇˆÒ§

ÍØ³ËÀÙÁÔ·Õè»ÅÒÂ·ˆÍ¡ÑºÍØ³ËÀÙÁÔ·Õè¾Ö§»ÃÐÊ§¤Œ.

5.1 ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ

áºº¨íÒÅÍ§¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µáÊ´§´Ñ§ÃÙ»·Õè 5.1. ÊÑ­­Ò³ÍÍ¡¢Í§

ÃÐºº¤×Í¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè (frequency deviation)áÅÐ¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÃÐºº¤×Í¡ÒÃÃº¡Ç¹·Õèà¡Ô´

¨Ò¡¡ÒÃà»ÅÕèÂ¹á»Å§¤ÇÒÁµ‰Í§¡ÒÃ¢Í§âËÅ´ (load demand).ÇÑµ¶Ø»ÃÐÊ§¤Œã¹¡ÒÃ¤Çº¤ØÁ¤×Í ¡ÒÃ·íÒãË‰

¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè¢Í§ä¿¿„Ò·Õè¼ÅÔµÍÂÙˆã¹¾ÔÊÑÂ·ÕèÂÍÁÃÑºä´‰. à¹×èÍ§¨Ò¡¤ÇÒÁ¶Õè¢Í§ÃÐºº¢Öé¹¡Ñº¤ÇÒÁÊÁ´ØÅ

¢Í§¡íÒÅÑ§¨ÃÔ§. â´Â·ÑèÇä»¡ÒÃà»ÅÕèÂ¹á»Å§âËÅ´¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§à»“¹¡ÒÃà»ÅÕèÂ¹á»Å§áººÊØˆÁ¤ˆÒáÅÐ

µˆÍà¹×èÍ§. ´Ñ§¹Ñé¹ËÒ¡à¡Ô´¡ÒÃà»ÅÕèÂ¹á»Å§¡íÒÅÑ§¨ÃÔ§¡ç¨ÐÊˆ§¼ÅãË‰à¡Ô´¡ÒÃà»ÅÕèÂ¹á»Å§·Õè¤ÇÒÁ¶Õè´‰ÇÂ. àÁ×èÍ¤ˆÒ

àºÕèÂ§àº¹¤ÇÒÁ¶ÕèÁÕ¤ˆÒà¡Ô¹¾ÔÊÑÂ·ÕèÂÍÁÃÑºä´‰. ÃÐºº¨ÐÊˆ§¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè·Õèà¡Ô´¢Öé¹ä»ÂÑ§µÑÇºÑ§¤Ñº¤ÇÒÁàÃçÇ

(speed governor) «Öè§ÁÕË¹‰Ò·Õè¤Çº¤ØÁ¤ÇÒÁàÃçÇ¢Í§à¤Ã×èÍ§¡íÒà¹Ô´ä¿¿„ÒãË‰à¾ÔèÁËÃ×ÍÅ´¡íÒÅÑ§¡ÒÃ¼ÅÔµà¾×èÍ

ÃÑ¡ÉÒÊÁ´ØÅ¢Í§ÃÐººµˆÍä».

∆Pd

+

TurbineGovernor

+

∆Xg1

1 + sTg

1

1 + sTt

∆Pg

Generator

Kp

1 + sTp

∆fu
− −

1

R

w

Gw

ÃÙ»·Õè 5.1: ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ
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¨Ò¡ÃÙ»·Õè 5.1 ÊÁ¡ÒÃ»ÃÔÀÙÁÔÊ¶Ò¹Ð¢Í§áºº¨íÒÅÍ§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ [17, 18] ¤×Í

ẋ(t) = Ax(t) + Bu(t) + F∆Pd(t)

y(t) = Cx(t) (5.1)

â´Â·Õè

x =
[

∆f ∆Pg ∆Xg

]T

A =


−1/Tp Kp/Tp 0

0 −1/Tp 1/Tp

−1/RTg 0 −1/Tg


B =

[
0 0 1/Tg

]T
F =

[
−Kp/Tp 0 0

]T
C =

[
1 0 0

]

áÅÐ ∆f ¤×Í¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè (Hz)

∆Pg ¤×Í¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§ÊÑ­­Ò³ÍÍ¡¨Ò¡à¤Ã×èÍ§¡íÒà¹Ô´ä¿¿„Ò (pu.)

∆Xg ¤×Í¡ÒÃà»ÅÕèÂ¹á»Å§¢Í§µíÒáË¹ˆ§ÇÒÅŒÇ¢Í§µÑÇºÑ§¤Ñº (pu.)

∆Pd ¤×Í¡ÒÃÃº¡Ç¹·Õèà¡Ô´¨Ò¡ÀÒÃÐ (pu.)

Tg ¤×Í¤ˆÒ¤§µÑÇ·Ò§àÇÅÒ¢Í§µÑÇºÑ§¤Ñº (sec)

Tt ¤×Í¤ˆÒ¤§µÑÇ·Ò§àÇÅÒ¢Í§à·ÍÃŒäº¹Œ (sec)

Tp ¤×Í¤ˆÒ¤§µÑÇ·Ò§àÇÅÒà¤Ã×èÍ§¡íÒà¹Ô´ä¿¿„Ò (sec)

Kp ¤×ÍÍÑµÃÒ¢ÂÒÂ¢Í§à¤Ã×èÍ§¡íÒà¹Ô´ä¿¿„Ò

R ¤×Í¡ÒÃ¤Çº¤ØÁ¤ˆÒ¤ÇÒÁàÃçÇà¹×èÍ§¨Ò¡¼Å¢Í§µÑÇºÑ§¤Ñº

ã¹¡ÒÃ¤Çº¤ØÁÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ä´‰à¾ÔèÁµÑÇ¤Çº¤ØÁÍÔ¹·Ô¡ÃÑÅã¹Ç§¤Çº¤ØÁà¾×èÍá¡‰

»’­ËÒ¤ÇÒÁ¼Ô´¾ÅÒ´·ÕèÊÀÒÇÐ¤§µÑÇ. á¼¹ÀÒ¾¢Í§¡ÒÃ¤Çº¤ØÁÃÐººä¿¿„Ò¡íÒÅÑ§·Õèà¾ÔèÁµÑÇ¤Çº¤ØÁÍÔ¹·Ô¡ÃÑÅ

áÊ´§´Ñ§ÃÙ»·Õè 5.1.
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∆E
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ÃÙ»·Õè 5.2: ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µÀÒÂãµ‰µÑÇ¤Çº¤ØÁÍÔ¹·Ô¡ÃÑÅ

¡ÒÃãª‰µÑÇ¤Çº¤ØÁÍÔ¹·Ô¡ÃÑÅ·íÒãË‰µÑÇá»ÃÊ¶Ò¹Ð¢Í§ÃÐººÁÕ¨íÒ¹Ç¹à¾ÔèÁ¢Öé¹ 1 µÑÇ¤×Í ∆E. ¨Ò¡áºº¨íÒÅÍ§ã¹

(5.1) àÁ×èÍà¾ÔèÁµÑÇá»ÃáÅÐ¨Ñ´ÃÙ»áººÊÁ¡ÒÃãËÁˆ¨Ðä´‰ÇˆÒ

ẋc(t) = Acxc(t) + Fc∆Pd(t)

y(t) = Cxc(t). (5.2)

â´Â·Õè xc =
[

∆f ∆Pg ∆Xg ∆E
]T

Ac =


−1/Tp Kp/Tp 0 0

0 −1/Tp 1/Tp 0

−1/RTg 0 −1/Tg −1/Tg

Ki 0 0 0


Fc =

[
−Kp/Tp 0 0 0

]T
C =

[
1 0 0

]
ã¹¡ÒÃ¨íÒÅÍ§¼Åä´‰à»ÅÕèÂ¹áºº¨íÒÅÍ§¢Í§ÃÐººãË‰ÍÂÙˆã¹ÃÙ»àÇÅÒäÁˆµˆÍà¹×èÍ§â´Âãª‰àÇÅÒÊØˆÁ T = 0.1 ÇÔ¹Ò·Õ.

·íÒãË‰áºº¨íÒÅÍ§ã¹ (5.2) à»ÅÕèÂ¹ä»à»“¹

xc(k + 1) = Âcxc(k) + F̂c∆Pd(k)

y(k) = Cxc(k) (5.3)

â´Â·Õè

Âc = e−AcT (5.4)

F̂c =
∫ T

0

e−AcτFc dτ. (5.5)

¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹Ç§»”´¨Ò¡¡ÒÃÃº¡Ç¹·Ò§âËÅ´ Pd(k) ä»ÂÑ§¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè ∆f «Öè§à»“¹ÊÑ­­Ò³ÍÍ¡

¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ¤×Í

Gcl(q) = C(q I4×4 − Âc)−1F̂c (5.6)
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ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ·Õèãª‰ã¹¡ÒÃ¨íÒÅÍ§¼Åà»“¹ÃÐºº¢¹Ò´ 250 MVA áÅÐ¤ˆÒ¾ÒÃÒ

ÁÔàµÍÃŒ¢Í§ÃÐºº [19] ¤×Í

Tg = 0.4 sec,Tt = 0.5 sec,Tp = 20 sec

Kp = 100, R = 3, Ki = 0.09.

5.2 ¡ÒÃ¨íÒÅÍ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Òáºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ

¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè àÃÔèÁµ‰¹¡íÒË¹´ãË‰ÃÐººÍÂÙˆã¹ÊÀÒÇÐ

ÍÂÙˆµÑÇ. ¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÃÐººà»“¹à¾ÕÂ§¡ÒÃÃº¡Ç¹·ÕèÂ‰ÒÂÊ¶Ò¹Ð¢Í§ÃÐºº¨Ò¡ÊÀÒÇÐÍÂÙˆµÑÇ»’¨¨ØºÑ¹

ä»ÂÑ§ÊÀÒÇÐÍÂÙˆµÑÇãËÁˆ. ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Ò¡íÒÅÑ§ã¹ÃÙ»·Õè 5.1 àÃÒ¨Ð·´ÊÍºâ´Â¡ÒÃ

à»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹ áÅÐ¨Ðãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¡Ñº´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§áººàÍáÅÐáºººÕà»“¹µÑÇºˆ§ªÕéªˆÇ§àÇÅÒ·Õè¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè ∆f ÁÕ¤ˆÒà¡Ô¹

¾ÔÊÑÂ¡ÒÃÂÍÁÃÑº. ¡íÒË¹´ãË‰¤ˆÒàºÕèÂ§àº¹¤ÇÒÁ¶Õè·ÕèÂÍÁÃÑº¹Ñé¹ ÁÕ¤ˆÒÊÍ´¤Å‰Í§¡Ñº´ÃÃª¹ÕÊÁÃÃ¶¹Ð·ÕèÁÕ¤ˆÒ

ÁÒ¡¡ÇˆÒËÃ×Íà·ˆÒ¡Ñº 0.2. ã¹¡ÒÃ¨íÒÅÍ§¼Å·Õè¤ÒºàÇÅÒÊØˆÁ T = 0.1 ÇÔ¹Ò·Õ ä´‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡

ỹ = ∆f ¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ÍÍ¡à»“¹ 30 ªˆÇ§´Ñ§¹Õé

ỹ = {ỹ0, ỹ1, ỹ2, . . . , ỹ29}.

àÁ×èÍ ỹi à»“¹¢‰ÍÁÙÅ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ªˆÇ§·Õè i â´Â·Õè i = 0, 1, 2, . . . , 29 áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹

N = 6000 ¨Ðä´‰ÇˆÒ

ỹ0 = {ỹ(1), ỹ(2), . . . , ỹ(6000)},

ỹ1 = {ỹ(6001), ỹ(6002), . . . , ỹ(12000)},

ỹ2 = {ỹ(12001), ỹ(12002), . . . , ỹ(18000)},

...
...

ỹ29 = {ỹ(174001), ỹ(174002), . . . , ỹ(180000)}.

¹Í¡¨Ò¡¹Õé ¡íÒË¹´ãË‰¡ÒÃÃº¡Ç¹·Ò§âËÅ´·Õè¡ÃÐ·íÒµˆÍÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ÁÕ¡ÒÃ

à»ÅÕèÂ¹á»Å§¾ÅÇÑµ·ÕèàÇÅÒ k = 60001 áÅÐ k = 120001 µÒÁÅíÒ´Ñº. ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹

ã¹áµˆÅÐªˆÇ§¤×Í

Gw0(q) = 1, 1 ≤ k ≤ 60000,

Gw1(q) =
1

(1 + 0.67q−1)
, 60001 ≤ k ≤ 120000,

Gw2(q) =
1

(1− 0.67q−1)
, 120001 ≤ k ≤ 180000.
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w(k) à»“¹ÊÑ­­Ò³Ãº¡Ç¹¢ÒÇ·ÕèÁÕ¤ˆÒá»Ã»ÃÇ¹ σ2
w = 25 × 10−6. ¼ÅµÍº¤ÇÒÁ¶ÕèÃÐËÇˆÒ§¿’§¡ŒªÑ¹¶ˆÒÂ

âÍ¹Ç§»”´¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ¡Ñº¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ã¹áµˆ

ÅÐªˆÇ§áÊ´§´Ñ§ÃÙ»·Õè 5.3.
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ÃÙ»·Õè 5.3:¼ÅµÍº¤ÇÒÁ¶Õè¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ

¨Ò¡¼ÅµÍº¤ÇÒÁ¶Õè¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ã¹áµˆÅÐªˆÇ§àÇÅÒ àÃÒ¾Ô¨ÒÃ³Òä´‰´Ñ§¹Õé

1. ã¹ªˆÇ§ 1 ≤ k ≤ 60000 ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ÁÕ¤ˆÒà»“¹ 1.

2. ã¹ªˆÇ§ 60001 ≤ k ≤ 120000 ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ Gw1(q) ÁÕ¼ÅµÍº¤ÇÒÁ¶Õè

äÁˆµÃ§¡Ñº¢Í§ÃÐººÁÒ¡¹Ñ¡ ·íÒãË‰¡ÒÃÃº¡Ç¹ÁÕ¼ÅµˆÍÃÐººã¹ªˆÇ§´Ñ§¡ÅˆÒÇ¹‰ÍÂ¡ÇˆÒ Gw0(q) ã¹ªˆÇ§

1 ≤ k ≤ 60000.

3. ã¹ªˆÇ§ 120001 ≤ k ≤ 180000 ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§¾ÅÇÑµ¡ÒÃÃº¡Ç¹ Gw2(q) ÁÕ¼ÅµÍº¤ÇÒÁ¶Õè·ÕèµÃ§

¡Ñº¢Í§ÃÐººÁÒ¡·ÕèÊØ´ ¨Ö§à»“¹¼ÅãË‰¡ÒÃÃº¡Ç¹ÁÕ¼ÅµˆÍÃÐººã¹ªˆÇ§´Ñ§¡ÅˆÒÇÁÒ¡¡ÇˆÒã¹ªˆÇ§Í×è¹

ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ àÃÒ¡íÒË¹´¤ˆÒ¢Íºà¢µ¤ÇÒÁäÁˆá¹ˆ¹Í¹ ρ ä´‰â´Â

¡ÒÃ¾Ô¨ÒÃ³Ò´Ñ§¹Õé

• ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡ÁÕ¢Íºà¢µ´‰ÇÂ α = 0.005.

• ¢‰ÍÁÙÅ·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 6000.

• ÍÑ¹´Ñº¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¤×Í na = 30.
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¨Ò¡ÊÁ¡ÒÃ (2.54)¨Ðä´‰ÇˆÒ

‖∆‖2 ≤ 0.005
√

(6000− 30)(30 + 1) = 2.1510.

´Ñ§¹Ñé¹ ã¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹¨Ö§àÅ×Í¡ ρ = 2.0 ¶Ö§ ρ = 2.5.

µˆÍä»à»“¹¡ÒÃ¨íÒÅÍ§¼Åà¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐººä¿¿„Òáºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ·ÕèÁÕ¡ÒÃ

à»ÅÕèÂ¹á»Å§¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹. àÁ×èÍ Gw0 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 1 ¶Ö§ªˆÇ§·Õè

10 (1 ≤ k ≤ 60000), Gw1 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 11 ¶Ö§ªˆÇ§·Õè 20 (60001 ≤ k ≤

120000) áÅÐ Gw2 à»“¹¾ÅÇÑµ¡ÒÃÃº¡Ç¹¢Í§Ç§¤Çº¤ØÁã¹ªˆÇ§·Õè 21 ¶Ö§ªˆÇ§·Õè 30 (120001 ≤ k ≤ 180000)

µÒÁÅíÒ´Ñº. ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§â´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐáººµˆÒ§æ áÊ´§´Ñ§ÃÙ»·Õè

5.4, 5.5, 5.6áÅÐÃÙ»·Õè 5.7.
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ÃÙ»·Õè 5.4: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹
áººàÍ¢Í§ÃÐººä¿¿„Òáºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ÀÒÂãµ‰¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Ò§âËÅ´

¨Ò¡ÃÙ»·Õè 5.4 ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍãË‰¤ˆÒã¹·ÔÈ·Ò§à´ÕÂÇ¡Ñ¹ â´Â·Õè´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÁÕ

¤ˆÒÊÙ§¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ·Ñé§¹Õéà¹×èÍ§¨Ò¡¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹ä´‰ÃÇÁ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡à¢‰Òä»´‰ÇÂ, ¨Ö§à»“¹¼ÅãË‰¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹ÁÕ¤ˆÒÊÙ§¡ÇˆÒ¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. àÁ×èÍ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁâ´Â

¡ÒÃ¹íÒ¤ˆÒÁÒµÃ°Ò¹·Ñé§ÊÍ§ÁÒà»“¹µÑÇµÑé§ áÅ‰ÇËÒÃ´‰ÇÂ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡µÑÇà´ÕÂÇ¡Ñ¹ ¨Ö§·íÒãË‰´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÁÕ¤ˆÒÁÒ¡¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ¨Ò¡ÃÙ»·Õè 5.5
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ÃÙ»·Õè 5.5: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕáÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹
áºººÕ¢Í§ÃÐººä¿¿„Òáºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ÀÒÂãµ‰¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Ò§âËÅ´
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ÃÙ»·Õè 5.6: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ
¤ÇÒÁ¶Õè 1 à¢µ ÀÒÂãµ‰¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Ò§âËÅ´
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ÃÙ»·Õè 5.7: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ¢Í§ÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº
¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ÀÒÂãµ‰¡ÒÃà»ÅÕèÂ¹á»Å§¾ÅÇÑµ¡ÒÃÃº¡Ç¹·Ò§âËÅ´

¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕãË‰

¤ˆÒã¹·ÔÈ·Ò§à´ÕÂÇ¡Ñ¹ áµˆ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ÁÕªˆÇ§¡ÒÃà»ÅÕèÂ¹á»Å§¡Ç‰Ò§¡ÇˆÒ´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ. ¨Ò¡ÃÙ»·Õè 5.6 ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

·Ñé§ÊÍ§áººãË‰¤ˆÒã¹·ÔÈà´ÕÂÇ¡Ñ¹ â´Â´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕÁÕªˆÇ§¡ÒÃà»ÅÕèÂ¹á»Å§

¡Ç‰Ò§¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ. ¨Ò¡ÃÙ»·Õè 5.7 ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§ÊÍ§áººãË‰¤ˆÒã¹·ÔÈà´ÕÂÇ¡Ñ¹ áÅÐÊÒÁÒÃ¶ªÕéºˆ§¡ÒÃà»ÅÕèÂ¹á»Å§ä´‰àªˆ¹à´ÕÂÇ¡Ñ¹.

¶Ö§áÁ‰ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹Ð·Ñé§ 4 áºº ÊÒÁÒÃ¶ªÕéºˆ§¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ã¹ÃÐººä´‰àªˆ¹à´ÕÂÇ¡Ñ¹. áµˆ

ã¹·Ò§»¯ÔºÑµÔ ÊÑ­­Ò³ÍÍ¡·Õè¹íÒÁÒãª‰à»“¹¢‰ÍÁÙÅã¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÁÕ¼Å¨Ò¡¡ÒÃÃº¡Ç¹¡ÒÃ

ÇÑ´ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹µˆÒ§æ ã¹Ç§¤Çº¤ØÁ¤ˆÍ¹¢‰Ò§ÊÙ§. ·íÒãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹ÁÕ¤ÇÒÁàËÁÒÐÊÁ¡ÑºÃÐººã¹·Ò§»¯ÔºÑµÔÁÒ¡¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ¹Í¡¨Ò¡¹Õé

à¾×èÍãË‰¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐàËÁÒÐÊÁ¡ÑºÃÐºº·ÕèÁÕµÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ àÃÒ¡ç¤ÇÃàÅ×Í¡ãª‰

´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕà»“¹µÑÇ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐºº¤Çº¤ØÁµˆÍä».

5.3 ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹

à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ÁÕâ¤Ã§ÊÃ‰Ò§´Ñ§ÃÙ»·Õè 5.8. ÊÑ­­Ò³ÍÍ¡¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹

¤×ÍÍØ³ËÀÙÁÔ´‰Ò¹¢ÒÍÍ¡·ÕèµÑÇµÃÇ¨ÇÑ´ (detector).ÊÑ­­Ò³Ãº¡Ç¹·Õè¡ÃÐ·íÒµˆÍ¡ÃÐºÇ¹¡ÒÃ à»“¹ÊÑ­­Ò³Ãº

¡Ç¹à¹×èÍ§¨Ò¡ÊÀÒ¾áÇ´Å‰ÍÁÀÒÂ¹Í¡. ÇÑµ¶Ø»ÃÐÊ§¤Œ¢Í§¡ÒÃ¤Çº¤ØÁ¡ÃÐºÇ¹¡ÒÃà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁ
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Ã‰Í¹ ¤×Í·íÒãË‰ÊÑ­­Ò³ÍÍ¡ÁÕ¤ˆÒã¡Å‰à¤ÕÂ§¡Ñº¤ˆÒ¾Ö§»ÃÐÊ§¤Œ ÀÒÂãµ‰ÊÑ­­Ò³Ãº¡Ç¹·Õèà¢‰ÒÁÒÀÒÂã¹ÃÐºº.

Detector

Bridge Circuit

Inlet

BlowerShutter Heater

Process

Power Input Temperature Measurement

Thyrister Unit

ÃÙ»·Õè 5.8: à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹

ÊˆÇ¹»ÃÐ¡ÍºËÅÑ¡¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ã¹ÃÙ»·Õè 5.8ÁÕ´Ñ§¹Õé

• µÑÇ·íÒ¤ÇÒÁÃ‰Í¹ (heater) à»“¹áËÅˆ§¤ÇÒÁÃ‰Í¹¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ â´ÂÁÕä·ÃÕÊàµÍÃŒà»“¹

µÑÇ¢ÑºàÃ‰ÒáÅÐÊÃ‰Ò§¾ÅÑ§§Ò¹µÒÁ¡ÒÃ¡ÃÐµØ‰¹¢Í§ÊÑ­­Ò³áÃ§´Ñ¹·Õè»„Í¹ãË‰¡Ñºà¤Ã×èÍ§·íÒ¤ÇÒÁÃ‰Í¹.

• à¤Ã×èÍ§à»ƒÒÅÁ (blower)·íÒË¹‰Ò·Õèà»ƒÒÍÒ¡ÒÈÃ‰Í¹ãË‰äËÅµÒÁ·ˆÍ¹íÒÍÒ¡ÒÈä»ÂÑ§»ÅÒÂ·ˆÍ.

• à·ÍÃŒÁÔÊàµÍÃŒ (thermistor)áÅÐÇ§¨ÃºÃÔ´¨Œ (bridge circuit)·íÒË¹‰Ò·Õèá»Å§ÍØ³ËÀÙÁÔ¢Í§ÍÒ¡ÒÈ·ÕèÇÑ´ä´‰

ãË‰à»“¹ÊÑ­­Ò³áÃ§´Ñ¹ä¿¿„Òà¾×èÍ¹íÒãª‰ã¹¡ÒÃ¤Çº¤ØÁµˆÍä».

• ÁˆÒ¹¤Çº¤ØÁ (shutter) ·íÒË¹‰Ò·Õè¤Çº¤ØÁ»ÃÔÁÒ³áÅÐ»ÃÑº¤ÇÒÁàÃçÇ¢Í§ÍÒ¡ÒÈ·ÕèäËÅà¢‰ÒÁÒÊÙˆ¡ÃÐºÇ¹

¡ÒÃ·Ò§ªˆÍ§à»”´ «Öè§áµˆÅÐµíÒáË¹ˆ§¢Í§ÁˆÒ¹¤Çº¤ØÁ¨ÐÁÕËÁÒÂàÅ¢ 0 – 10¡íÒ¡ÑºäÇ‰.

ÊÑ­­Ò³à¢‰Ò·Õè»„Í¹ãË‰ÃÐººáÅÐÊÑ­­Ò³ÍÍ¡·ÕèÇÑ´¨Ò¡ÃÐºº¤×ÍÊÑ­­Ò³áÃ§´Ñ¹ä¿¿„Òã¹Ë¹ˆÇÂâÇÅµŒ.

ÊÑ­­Ò³Ãº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÃÐºº¤×ÍÍØ³ËÀÙÁÔ¢Í§ÍÒ¡ÒÈÀÒÂ¹Í¡·ÕèäËÅ¼ˆÒ¹à¢‰ÒÁÒ·Ò§ªˆÍ§à»”´. à¹×èÍ§¨Ò¡

ÍÒ¡ÒÈÃ‰Í¹µ‰Í§ãª‰àÇÅÒã¹¡ÒÃà´Ô¹·Ò§¨Ò¡µÑÇ·íÒ¤ÇÒÁÃ‰Í¹ ¼ˆÒ¹·ˆÍ¹íÒÁÒÂÑ§µÑÇµÃÇ¨ÇÑ´·ÕèµÔ´ÍÂÙˆ»ÅÒÂ·ˆÍ¨Ö§

·íÒãË‰ÃÐººÁÕàÇÅÒ»ÃÐÇÔ§à¡Ô´¢Öé¹. àÇÅÒ»ÃÐÇÔ§·Õèà¡Ô´¢Öé¹ÁÕ¤ˆÒ¢Öé¹¡ÑºÃÐÂÐËˆÒ§ÃÐËÇˆÒ§µÑÇ·íÒ¤ÇÒÁÃ‰Í¹¡ÑºµÑÇ

µÃÇ¨ÇÑ´áÅÐ¤ÇÒÁàÃçÇ¢Í§à¤Ã×èÍ§à»ƒÒÅÁ. áºº¨íÒÅÍ§·Ò§¤³ÔµÈÒÊµÃŒ¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹à»“¹

ÃÐººÍÑ¹´ÑºË¹Öè§·ÕèÁÕàÇÅÒ»ÃÐÇÔ§ [20] ´Ñ§ÊÁ¡ÒÃ

Gp(s) = e−τds K

τs + 1
(5.7)

â´Â·Õè K ¤×ÍÍÑµÃÒ¢ÂÒÂ¢Í§ÊÑ­­Ò³·ÕèÊÀÒÇÐÍÂÙˆµÑÇ, áÅÐ τ ¤×ÍªˆÇ§àÇÅÒ·ÕèÊÑ­­Ò³ÍÍ¡àÃÔèÁà»ÅÕèÂ¹

á»Å§µÒÁÊÑ­­Ò³à¢‰Òáºº¢Ñé¹¨¹¡ÃÐ·Ñè§ÊÑ­­Ò³ÍÍ¡ÁÕ¤ˆÒà»“¹ 63.2 % ¢Í§¤ˆÒ·ÕèÊÀÒÇÐÍÂÙˆµÑÇ, τd ¤×ÍàÇÅÒ

»ÃÐÇÔ§ «Öè§ËÒä´‰¨Ò¡¡ÒÃ»„Í¹ÊÑ­­Ò³à¢‰Òáºº¢Ñé¹ãË‰¡Ñºà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹. ¨Ò¡¡ÒÃ·´ÅÍ§â´Âãª‰
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àÇÅÒÊØˆÁ T = 0.065 ÇÔ¹Ò·Õ ¾ºÇˆÒàÇÅÒ»ÃÐÇÔ§ τd = 0.26 ÇÔ¹Ò·Õ. àÁ×èÍá»Å§áºº¨íÒÅÍ§¢Í§à¤Ã×èÍ§áÅ¡

à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ã¹ÊÁ¡ÒÃ (5.7) ãË‰ÍÂÙˆã¹ÃÙ»àÇÅÒäÁˆµˆÍà¹×èÍ§¨Ðä´‰ÇˆÒ

Gp(q) = q−d bq−1

1 + aq−1
(5.8)

â´Â·Õè a áÅÐ b à»“¹¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§·Õè¤íÒ¹Ç³¨Ò¡¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº. ¨Ò¡¡ÒÃËÒ

¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§·ÕèµíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº 2 ¨Ðä´‰ÇˆÒ d = 4, a = −0.9441, b = 0.0863

áÅÐ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§áºº¨íÒÅÍ§ã¹ÃÙ»àÇÅÒäÁˆµˆÍà¹×èÍ§¤×Í

Gp(q) = q−4 0.0863q−1

1− 0.9441q−1
. (5.9)

¨Ò¡¡ÒÃËÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§·ÕèµíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº 7 ¨Ðä´‰ÇˆÒ d = 4, a = −0.9422,

b = 0.1013 áÅÐ¿’§¡ŒªÑ¹¶ˆÒÂâÍ¹¢Í§áºº¨íÒÅÍ§ã¹ÃÙ»àÇÅÒäÁˆµˆÍà¹×èÍ§¤×Í

Gp(q) = q−4 0.1013q−1

1− 0.9422q−1
. (5.10)

µˆÍä»à»“¹¡ÒÃ¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà¡Ô´¢Öé¹ã¹ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹. à¹×èÍ§¨Ò¡

¡ÒÃ¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹à»“¹¡ÒÃ¤Çº¤ØÁáººÊÑ´ÊˆÇ¹áÅÐÍÔ¹·Ô¡ÃÑÅ â´Âãª‰¤ÍÁ¾ÔÇàµÍÃŒ·Õè

àª×èÍÁµˆÍ¡ÑºÃÐºº´‰ÇÂµÑÇá»Å§¼Ñ¹áÍ¹ÐÅÍ¡à»“¹´Ô¨ÔµÍÅ (analog to digital converter: A/D converter)

à»“¹µÑÇÊÃ‰Ò§ÊÑ­­Ò³¤Çº¤ØÁáÅÐà¡çº¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ ´Ñ§ÃÙ»·Õè 5.9.

−

Controller
exchanger

HeatD/A

A/D

Disturbance

y = Vo

yd

e

setpointys

+

ÃÙ»·Õè 5.9: ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹

à¤Ã×èÍ§á»Å§¼Ñ¹áÍ¹ÐÅÍ¡à»“¹´Ô¨ÔµÍÅ·Õèãª‰ÁÕ¨íÒ¹Ç¹ºÔµà·ˆÒ¡Ñº 12 áÅÐÂˆÒ¹ÇÑ´ÊÑ­­Ò³à¢‰ÒáººáÍ¹ÐÅÍ¡ÁÕ

¤ˆÒµÑé§áµˆ −5 V ¶Ö§ 5 V ·íÒãË‰¤ˆÒ¼Ô´¾ÅÒ´¨Ò¡¡ÒÃ¤ÇÍ¹ä·ÁŒ (quantization error)«Öè§à»“¹¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹

¡ÒÃá»Å§¼Ñ¹ 1 ºÔµ¤×Í

∆VA/D = ± 10
212

V = ± 2.44 mV (5.11)

ËÃ×Í

∆VA/D

VA/D
= ± 0.0244%. (5.12)
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¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ y ·Õèä´‰¨Ò¡¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ ¤×ÍÊÑ­­Ò³áÃ§´Ñ¹ÍÍ¡ Vo ¢Í§Ç§¨Ã¢ÂÒÂ

(amplifier circuit) «Öè§µˆÍàª×èÍÁ¡ÑºÇ§¨ÃºÃÔ´¨Œ ´Ñ§ÃÙ»·Õè 5.10. à»ÍÃŒà«ç¹µŒ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§µÑÇµ‰Ò¹·Ò¹·Ø¡

C

+

–

R1 = 33 kΩ

VG = +15 V

Thermistor Detector

STC U32Ud

R5 = 10 kΩ

R5 = 10 kΩ

R4 = 0.68 kΩ

B

D

Vo

R6 = 560 kΩ

R2 + δR2
kΩ

R2 = 0.68 kΩ

A

R3 = 33 kΩ

ÃÙ»·Õè 5.10: à·ÍÃŒÁÔÊàµÍÃŒ Ç§¨ÃºÃÔ´¨ŒáÅÐÇ§¨Ã¢ÂÒÂ¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹

µÑÇã¹Ç§¨ÃºÃÔ´¨ŒáÅÐÇ§¨Ã¢ÂÒÂ¤×Í ∆R = ±1%. δR2 à»“¹µÑÇµ‰Ò¹·Ò¹·Õèà»ÅÕèÂ¹¤ˆÒµÒÁ¡ÒÃà»ÅÕèÂ¹á»Å§

ÍØ³ËÀÙÁÔ¢Í§à·ÍÃŒÁÔÊàµÍÃŒ. à¹×èÍ§¨Ò¡äÁˆÁÕ¢‰ÍÁÙÅ¢Í§ δR2 , ¨Ö§¡íÒË¹´ãË‰à»ÍÃŒà«ç¹µŒ¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§ δR2

ÁÕ¤ˆÒà»“¹ÈÙ¹ÂŒ. ¨Ò¡ÃÙ»·Õè 5.10 ÊÑ§à¡µä´‰ÇˆÒÊÑ­­Ò³ÍÍ¡ Vo ¢Í§Ç§¨Ã¢ÂÒÂà»“¹¿’§¡ŒªÑ¹¢Í§µÑÇµ‰Ò¹·Ò¹¡Ñº

ÊÑ­­Ò³ÍÍ¡ VBD ¢Í§Ç§¨ÃºÃÔ´¨Œ´Ñ§ÊÁ¡ÒÃ (5.13)

Vo = −R6

R5
VBD. (5.13)

áÅÐÊÑ­­Ò³ÍÍ¡¢Í§Ç§¨ÃºÃÔ´¨Œà»“¹¿’§¡ŒªÑ¹¢Í§¤ÇÒÁµ‰Ò¹·Ò¹´Ñ§ÊÁ¡ÒÃ (5.14)

VBD =
(

R1

(R2 + ∆R2) + R1
− R3

R3 + R4

)
Vs. (5.14)

àÁ×èÍµÑÇµ‰Ò¹·Ò¹ R1, R2, . . . , R6 ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹ ¨Ö§à»“¹¼ÅãË‰ÊÑ­­Ò³ÍÍ¡¢Í§Ç§

¨ÃºÃÔ´¨Œ VBD áÅÐÊÑ­­Ò³ÍÍ¡ Vo ¢Í§Ç§¨Ã¢ÂÒÂÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ÃÇÁÍÂÙˆ´‰ÇÂ. à¹×èÍ§¨Ò¡àÃÒäÁˆÁÕ¢‰Í

ÁÙÅ¤ÇÒÁ¼Ô´¾ÅÒ´ËÃ×Í¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§Ç§¨ÃºÃÔ´¨ŒáÅÐÇ§¨Ã¢ÂÒÂ, àÃÒ¨Ö§¤íÒ¹Ç³¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§

ÊÑ­­Ò³ÍÍ¡ã¹ÃÙ»¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ÊÑÁ¾Ñ·¸Œ (Relative error)¨Ò¡¡ÒÃ¾Ô¨ÒÃ³Òà»ÍÃŒà«ç¹µŒ¤ÇÒÁ¼Ô´¾ÅÒ´

¢Í§µÑÇµ‰Ò¹·Ò¹ã¹Ç§¨Ã. ¨Ò¡¡ÒÃ¤íÒ¹Ç³¾ºÇˆÒ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¨ÃºÃÔ´¨Œ¤×Í

∆VBD

VBD
= ±6 %. (5.15)

à¹×èÍ§¨Ò¡¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§ R6/R5 ÁÕ¤ˆÒà·ˆÒ¡Ñº ±2 %, ¨Ö§ä´‰ÇˆÒ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡¢Í§Ç§

¨Ã¢ÂÒÂ¤×Í

∆y

y
=

∆Vo

Vo
= ±8%. (5.16)
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¨Ò¡ÃÙ»·Õè 5.9 ¡íÒË¹´ãË‰ÊÑ­­Ò³Í‰Ò§ÍÔ§ ys à»“¹ÊÑ­­Ò³á¹ˆ¹Í¹ (äÁˆÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´). ¤ÇÒÁäÁˆá¹ˆ¹Í¹

¢Í§ÊÑ­­Ò³¤ÅÒ´à¤Å×èÍ¹ e ¨Ö§ÁÕ¤ˆÒà·ˆÒ¡Ñº¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ yd «Öè§à»“¹ÊÑ­­Ò³¨Ò¡¡ÒÃá»Å§

ÊÑ­­Ò³áÍ¹ÐÅÍ¡ y ¼ˆÒ¹ D/A. ´Ñ§¹Ñé¹¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³¤ÅÒ´à¤Å×èÍ¹ e ¨Ö§ÁÕ¤ˆÒà·ˆÒ¡Ñº¼ÅÃÇÁ

¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³ÍÍ¡ y ã¹ÊÁ¡ÒÃ (5.16) ¡Ñº¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¡ÒÃá»Å§¢‰ÍÁÙÅ 1 ºÔµã¹

ÊÁ¡ÒÃ (5.11)´Ñ§¹Õé

∆e

e
= ± (

∆y

y
+

∆VA/D

VA/D
)%

= ± (8 + 0.0244)%

= ± 8.0244%. (5.17)

¨Ò¡¢‰ÍÁÙÅ¤ÇÒÁäÁˆá¹ˆ¹Í¹¹Õé àÃÒ¨Ð¹íÒä»ãª‰ã¹¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹µˆÍä».

5.4 ¡ÒÃ»ÃÐÂØ¡µŒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹

ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÃÒ¨Ð·´ÊÍºâ´Â¡ÒÃà»ÅÕèÂ¹

á»Å§ÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹¢Í§ÃÐºº¤Çº¤ØÁÀÒÂãµ‰¡ÒÃ¤Çº¤ØÁáººÊÑ´ÊˆÇ¹ÍÔ¹·Ô¡ÃÑÅ. àÁ×èÍ¡ÒÃà»ÅÕèÂ¹á»Å§·Õè

Êˆ§¼ÅµˆÍÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹áÅÐÊÁÃÃ¶¹Ð¢Í§¡ÃÐºÇ¹¡ÃÐºÇ¹¡ÒÃ¤×Í»ÃÔÁÒ³ÍÒ¡ÒÈ¨Ò¡ÀÒÂ¹Í¡·Õè¼ˆÒ¹à¢‰Ò

ÊÙˆ¡ÃÐºÇ¹¡ÒÃ·Ò§ªˆÍ§à»”´. ·Ñé§¹Õé àÃÒ»ÃÑº¢¹Ò´¢Í§ªˆÍ§à»”´ä´‰¨Ò¡¡ÒÃ»ÃÑºµíÒáË¹ˆ§¢Í§ÁˆÒ¹¤Çº¤ØÁ «Öè§

áµˆÅÐµíÒáË¹ˆ§¢Í§ÁˆÒ¹¤Çº¤ØÁ¨ÐÁÕËÁÒÂàÅ¢ 0 − 10 ¡íÒ¡ÑºäÇ‰. µíÒáË¹ˆ§ 0 ¤×ÍµíÒáË¹ˆ§·ÕèªˆÍ§ÍÒ¡ÒÈ»”´

Ê¹Ô· áÅÐµíÒáË¹ˆ§ 10 ¤×ÍµíÒáË¹ˆ§·ÕèªˆÍ§ÍÒ¡ÒÈà»”´¡Ç‰Ò§·ÕèÊØ´. ã¹·Õè¹Õé¡íÒË¹´ãË‰ÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹»¡µÔ

¤×ÍÁˆÒ¹¤Çº¤ØÁÍÂÙˆ·ÕèµíÒáË¹ˆ§ 2 áÅÐÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹·Õèà»ÅÕèÂ¹á»Å§ä»¨Ò¡ÊÀÒÇÐ¡ÒÃ·íÒ§Ò¹»¡µÔ¤×ÍÁˆÒ¹

¤Çº¤ØÁÍÂÙˆ·ÕèµíÒáË¹ˆ§ 7. ã¹¡ÒÃ¨íÒÅÍ§¼Å·Õè¤ÒºàÇÅÒÊØˆÁ T = 0.065 ÇÔ¹Ò·Õ ä´‰áºˆ§¢‰ÍÁÙÅÊÑ­­Ò³¤ÅÒ´

à¤Å×èÍ¹ e ¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ÍÍ¡à»“¹ 40 ªˆÇ§´Ñ§¹Õé

e = {e0, e1, e2, . . . , e39}.

àÁ×èÍ ei à»“¹¢‰ÍÁÙÅ·ÕèÁÕ¤ÇÒÁäÁˆá¹ˆ¹Í¹ªˆÇ§·Õè i â´Â·Õè i = 0, 1, 2, . . . , 39 áÅÐ¢‰ÍÁÙÅ¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹

N = 2000 ¨Ðä´‰ÇˆÒ

e0 = {e(1), e(2), . . . , e(2000)}

e1 = {e(2001), e(2002), . . . , e(4000)}

e2 = {e(4001), e(4002), . . . , e(6000)}

...
...

e39 = {e(78001), e(78002), . . . , e(80000)}
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ã¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÃÒ

¾Ô¨ÒÃ³Ò¤ÇÒÁäÁˆá¹ˆ¹Í¹·Õèà¡Ô´¢Öé¹ä´‰´Ñ§¹Õé

• ¨Ò¡¢‰ÍÁÙÅ¾ºÇˆÒ max(| e |) = 0.2421.

• ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§ÊÑ­­Ò³¤ÅÒ´à¤Å×èÍ¹ e ÁÕ¢Íºà¢µ´‰ÇÂ¤ˆÒ α ´Ñ§¹Õé

α =
8.0244
100

× 0.2421 = 0.0194V.

• ¢‰ÍÁÙÅ·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§áµˆÅÐªˆÇ§ÁÕ¨íÒ¹Ç¹ N = 2000.

• ÍÑ¹´Ñº¢Í§áºº¨íÒÅÍ§ÍÑµµ¶´¶ÍÂ¤×Í na = 20.

¨Ò¡ÊÁ¡ÒÃ (2.54)¨Ðä´‰ÇˆÒ

‖∆‖2 ≤ 0.0194
√

(2000− 20)(20 + 1) = 3.9615.

´Ñ§¹Ñé¹ ã¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§·¹¨Ö§àÅ×Í¡ãª‰ ρ = 3.5 ¶Ö§ ρ = 4. ¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹µíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁ¨Ò¡µíÒáË¹ˆ§ 2 ä»ÂÑ§

µíÒáË¹ˆ§ 7 áÊ´§´Ñ§ÃÙ»·Õè 5.11, 5.12, 5.13áÅÐÃÙ»·Õè 5.14.
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ÃÙ»·Õè 5.11: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§
·¹áººàÍ¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹µíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁ¨Ò¡2ä» 7
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ÃÙ»·Õè 5.12: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕáÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹
áºººÕ¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹µíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁ¨Ò¡ 2 ä» 7
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ÃÙ»·Õè 5.13: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹
¤ÇÒÁÃ‰Í¹ àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹µíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁ¨Ò¡ 2 ä» 7



73

0 5 10 15 20 25 30 35 40
0

0.05

0.1

0.15

0.2

0.25

Time Interval

P
er

fo
rm

an
ce

 in
de

x 
ba

se
d 

on
 r

ob
us

t m
in

im
um

 v
ar

ia
nc

e

Type−A
Type−B

ÃÙ»·Õè 5.14: ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ¢Í§ÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡
à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÁ×èÍÁÕ¡ÒÃà»ÅÕèÂ¹µíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁ¨Ò¡ 2 ä» 7

¨Ò¡ÃÙ»·Õè 5.11 ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ áÅÐ´ÃÃª¹ÕÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹áººàÍÁÕ¤ˆÒä»ã¹á¹Çâ¹‰Áà´ÕÂÇ¡Ñ¹ ¤×ÍàÃÔèÁÁÕ¤ˆÒÅ´Å§ã¹ªˆÇ§àÇÅÒ·Õè 21. à¹×èÍ§¨Ò¡·ÕèªˆÇ§àÇÅÒ´Ñ§

¡ÅˆÒÇ àÃÒä´‰à»ÅÕèÂ¹µíÒáË¹ˆ§¢Í§ÁˆÒ¹¤Çº¤ØÁ¨Ò¡µíÒáË¹ˆ§ ä»ÂÑ§µíÒáË¹ˆ§ 7, ¨Ö§à»“¹¼ÅãË‰ÍÒ¡ÒÈ¨Ò¡ÀÒÂ

¹Í¡äËÅà¢‰ÒÊÙˆÀÒÂã¹à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹´‰ÇÂ¤ÇÒÁàÃçÇáÅÐ»ÃÔÁÒ³·ÕèÁÒ¡¢Öé¹. ·Ñé§¹Õé àÃÒÊÒÁÒÃ¶

¾Ô¨ÒÃ³Ò¡ÒÃÅ´Å§¢Í§´ÃÃª¹ÕÊÁÃÃ¶¹Ðã¹ªˆÇ§àÇÅÒ·Õè 21 ä´‰¨Ò¡¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§áºº¨íÒÅÍ§ã¹ÊÁ¡ÒÃ

(5.7) áÅÐÊÁ¡ÒÃ (5.8) «Öè§à»“¹áºº¨íÒÅÍ§¢Í§à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹·ÕèµíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº

2 áÅÐà·ˆÒ¡Ñº 7 µÒÁÅíÒ´Ñº. ¨Ò¡áºº¨íÒÅÍ§´Ñ§¡ÅˆÒÇ àËç¹ä´‰ÇˆÒÍÑµÃÒ¢ÂÒÂ¢Í§áºº¨íÒÅÍ§·ÕèµíÒáË¹ˆ§

ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº 7 ÁÕ¤ˆÒÁÒ¡¡ÇˆÒÍÑµÃÒ¢ÂÒÂ¢Í§áºº¨íÒÅÍ§·ÕèµíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº 2. ã¹¢³Ð·Õè

¢ÑéÇ¢Í§áºº¨íÒÅÍ§·ÕèµíÒáË¹ˆ§ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº 7 ÁÕ¤ˆÒà»ÅÕèÂ¹á»Å§ä»¨Ò¡¢ÑéÇ¢Í§áºº¨íÒÅÍ§·ÕèµíÒáË¹ˆ§

ÁˆÒ¹¤Çº¤ØÁà·ˆÒ¡Ñº 2 à¾ÕÂ§àÅç¡¹‰ÍÂ. áÅÐ¨Ò¡µÑÇÍÂˆÒ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðã¹ §3.4.1 áÅÐ §4.3.1

àÃÒ¾ºÇˆÒ¡ÒÃà¾ÔèÁ¤ˆÒÍÑµÃÒ¢ÂÒÂ¢Í§¡ÃÐºÇ¹¡ÒÃ¹Ñé¹Êˆ§¼ÅãË‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÁÕ¤ˆÒÅ´Å§. ¹Í¡¨Ò¡¹Õé ÂÑ§

¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍã¹ÃÙ»·Õè 5.11 ¨ÐãË‰¤ˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÁÒ¡¡ÇˆÒ

´ÃÃª¹ÕÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ. ¨Ò¡ÃÙ»·Õè 5.12 ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

áºººÕÁÕ¤ˆÒÅ´Å§àÁ×èÍÁÕÍÒ¡ÒÈ¨Ò¡ÀÒÂ¹Í¡äËÅà¢‰ÒÊÙˆÀÒÂã¹à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ÁÒ¡¢Öé¹. ã¹¢³Ð

à´ÕÂÇ¡Ñ¹àÃÒÊÑ§à¡µä´‰ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕäÁˆÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ ÍÕ¡·Ñé§ÂÑ§ÁÕ¤ˆÒ

µíèÒ¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ´‰ÇÂ. ¨Ò¡ÃÙ»·Õè 5.13 «Öè§à»“¹¡ÒÃà»ÃÕÂºà·ÕÂº

ÃÐËÇˆÒ§´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍáÅÐáºººÕ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹
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µíèÒÊØ´áººàÍÁÕ¤ˆÒÅ´Å§ ³ ªˆÇ§àÇÅÒ·ÕèÁÕÍÒ¡ÒÈ¨Ò¡ÀÒÂ¹Í¡äËÅà¢‰ÒÁÒ. ã¹¢³Ð·Õè´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´áºººÕ¹Ñé¹äÁˆÁÕ¡ÒÃà»ÅÕèÂ¹á»Å§ ³ ªˆÇ§àÇÅÒ´Ñ§¡ÅˆÒÇ. ¨Ò¡ÃÙ»·Õè 5.14 «Öè§à»“¹¡ÒÃà»ÃÕÂº

à·ÕÂºÃÐËÇˆÒ§´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍáÅÐáºººÕãË‰¤ˆÒä»ã¹á¹Çâ¹‰Áà´ÕÂÇ¡Ñ¹ â´Â´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹

µíèÒÊØ´¤§·¹áºººÕ¨ÐãË‰¤ˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÁÒ¡¡ÇˆÒáººàÍ. ¨Ò¡¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐºº¤Çº¤ØÁ

à¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÃÒÊÃØ»ä´‰ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÁÕ¤ÇÒÁàËÁÒÐÊÁ

¡ÑºÃÐººÁÒ¡¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ â´Â´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹

áºººÕÁÕ¤ÇÒÁàËÁÒÐÊÁáÅÐÊÁ¨ÃÔ§¡ÑºÊÀÒÇÐ¢Í§ÃÐºº¤Çº¤ØÁÁÒ¡¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´¤§·¹áººàÍ.

5.5 º·ÊÃØ»

º·¹Õé¹íÒàÊ¹Í¡ÒÃ¨íÒÅÍ§¼Åà¾×èÍ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ

áÅÐ¡ÒÃ»ÃÐÂØ¡µŒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹. ¨Ò¡¡ÒÃ¨íÒÅÍ§¼Å

¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ ÊÒÁÒÃ¶ºˆ§ªÕéªˆÇ§àÇÅÒ·Õè¤ˆÒàºÕèÂ§àº¹

¤ÇÒÁ¶ÕèÁÕ¤ˆÒà¡Ô¹¾ÔÊÑÂ¡ÒÃÂÍÁÃÑºä´‰àªˆ¹à´ÕÂÇ¡Ñ¹. à¹×èÍ§¨Ò¡¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡ã¹¡ÒÃ

¨íÒÅÍ§¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹ÐÁÕ¤ˆÒ¹‰ÍÂ, ¨Ö§à»“¹¼ÅãË‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·ÕèÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹ã¹ÊÑ­­Ò³ÍÍ¡ãË‰¼Åã¡Å‰à¤ÕÂ§¡Ñº¡ÒÃãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Õè¤íÒ¹Ö§¶Ö§¤ÇÒÁäÁˆá¹ˆ¹Í¹. ¨Ò¡¡ÒÃ»ÃÐÂØ¡µŒãª‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº

¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ àÃÒ¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ, ´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕÊÒÁÒÃ¶ºˆ§ªÕé

¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ÀÒÂã¹Ç§¤Çº¤ØÁä´‰àªˆ¹à´ÕÂÇ¡Ñ¹. ã¹¢³Ð·Õè´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´áºººÕäÁˆÊÒÁÒÃ¶ºˆ§ªÕé¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ä´‰. ¼Å¢‰Ò§µ‰¹áÊ´§ãË‰àËç¹ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÁÕ¤ÇÒÁàËÁÒÐÊÁÁÒ¡¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´. ¹Í¡¨Ò¡¹ÕéÂÑ§¾º

ÇˆÒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕãË‰¤ÇÒÁÊÁ¨ÃÔ§¡ÑºÃÐºº

·ÕèµÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒÁÒ¡¡ÇˆÒ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹áººàÍ. ´Ñ§¹Ñé¹àÃÒ¨Ö§ÊÒÁÒÃ¶ÊÃØ»ä´‰ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÁÕ¤ÇÒÁ

àËÁÒÐÊÁáÅÐÊÁ¨ÃÔ§¡ÑºÊÀÒÇÐ¢Í§ÃÐºº¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒÁÒ¡¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´

¤§·¹áººàÍ.



º··Õè 6

º·ÊÃØ»áÅÐ¢‰ÍàÊ¹Íá¹Ð

6.1 º·ÊÃØ»

ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õéà»“¹¡ÒÃÈÖ¡ÉÒÇÔ¸Õ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ â´Â¡ÒÃà»ÃÕÂºà·ÕÂºÊÁÃÃ¶¹Ð

¨ÃÔ§¢Í§Ç§¤Çº¤ØÁ¡ÑºÊÁÃÃ¶¹Ð·Õè¡íÒË¹´à»“¹¤ˆÒÁÒµÃ°Ò¹. ¤ˆÒÁÒµÃ°Ò¹·Õè¹ÔÂÁãª‰¤×Í¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ «Öè§

¤íÒ¹Ç³ä´‰¨Ò¡¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒ¢Í§ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ. ¡ÒÃ¤íÒ¹Ç³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§

Í¹Ø¡ÃÁàÇÅÒ¹Ñé¹à·ÕÂºà·ˆÒ¡Ñº»’­ËÒ¡ÒÃËÒàÍ¡ÅÑ¡É³Œ¢Í§ÃÐºº «Öè§ãª‰¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´à»“¹

à¤Ã×èÍ§Á×Íã¹¡ÒÃËÒ¤íÒµÍº. ´ÃÃª¹Õ·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ¤×Í´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´ «Öè§¹ÔÂÒÁà»“¹ÍÑµÃÒÊˆÇ¹ÃÐËÇˆÒ§¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´µˆÍ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³

ÍÍ¡¢Í§Ç§¤Çº¤ØÁ.

·Õè¼ˆÒ¹ÁÒ ¡ÒÃÇÔà¤ÃÒÐËŒÍ¹Ø¡ÃÁàÇÅÒÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡. áµˆã¹·Ò§»¯ÔºÑµÔ

¡ÒÃÇÑ´ÊÑ­­Ò³ÍÍ¡¨Ò¡ÃÐºº¨ÃÔ§ÁÑ¡»ÃÐÊº¡Ñº¤ÇÒÁäÁˆá¹ˆ¹Í¹·ÕèÁÕ¢Íºà¢µÃÇÁÍÂÙˆ´‰ÇÂ. àÃÒ¨Ö§»ÃÑº»ÃØ§

ÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§Í¹Ø¡ÃÁàÇÅÒ¨Ò¡¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ÁÒà»“¹¡ÒÃá¡‰»’­ËÒ¡íÒÅÑ§

ÊÍ§¹‰ÍÂÊØ´¤§·¹ ÍÕ¡·Ñé§ä´‰¹ÔÂÒÁ¤ˆÒÁÒµÃ°Ò¹ãËÁˆà»“¹¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹. ¹Í¡¨Ò¡¹Õé

ÂÑ§ä´‰¢ÂÒÂ¼Å¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ä»ÊÙˆ¡ÒÃ¤íÒ¹Ç³¤ˆÒÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´¤§·¹ ¾Ã‰ÍÁ·Ñé§ä´‰¡íÒË¹´´ÃÃª¹Õ·Õèãª‰ã¹¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁà»“¹´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§

¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ â´Â¹ÔÂÒÁ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹à»“¹ÍÑµÃÒÊˆÇ¹ÃÐËÇˆÒ§¤ˆÒ

ÁÒµÃ°Ò¹ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹µˆÍ¤ˆÒá»Ã»ÃÇ¹ÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁ.

à¾×èÍãË‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹ÁÕ¤ÇÒÁÊÁ¨ÃÔ§¡ÑºÅÑ¡É³Ð¢Í§µÑÇ¤Çº¤ØÁ·Õèãª‰ã¹Ç§¤Çº¤ØÁ. àÃÒ¨Ö§áºˆ§´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ÍÍ¡à»“¹»ÃÐàÀ·ÂˆÍÂä´‰´Ñ§¹Õé

1. ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººàÍ (ηmv,A)

2. ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áºººÕ (ηmv,B)

3. ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áººàÍ (ηrmv,A)

4. ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ (ηrmv,B)
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¨Ò¡´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§ÊÕèáºº

àÃÒÊÒÁÒÃ¶ÊÃØ»¨Ø´à´ˆ¹áÅÐ¨Ø´´‰ÍÂ¢Í§´ÃÃª¹ÕÊÁÃÃ¶¹ÐáµˆÅÐáººä´‰´Ñ§¹Õé

´ÃÃª¹ÕÊÁÃÃ¶¹Ð ¨Ø´à´ˆ¹ ¨Ø´´‰ÍÂ

ηmv,A àËÁÒÐ¡ÑºÃÐºº·ÕèµÑÇ¤Çº¤ØÁá»Ã¼Ñ¹µÒÁàÇÅÒ ÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅ

ηmv,B àËÁÒÐ¡ÑºÃÐºº·ÕèµÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ ÅÐàÅÂ¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅ

ηrmv,A àËÁÒÐ¡ÑºÃÐºº·ÕèµÑÇ¤Çº¤ØÁá»Ã¼Ñ¹µÒÁàÇÅÒ ¤íÒ¹Ö§¶Ö§¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅ

ηrmv,B àËÁÒÐ¡ÑºÃÐºº·ÕèµÑÇ¤Çº¤ØÁäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒ ¤íÒ¹Ö§¶Ö§¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅ

¹Í¡¨Ò¡¹Õé àÃÒÂÑ§ÊÒÁÒÃ¶ÊÃØ»»’¨¨ÑÂ·Õè·íÒãË‰ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁà»ÅÕèÂ¹á»Å§ä´‰´Ñ§¹Õé

1. ¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃËÃ×ÍµÑÇ¤Çº¤ØÁ

2. ¾ÅÇÑµ¢Í§¡ÒÃÃº¡Ç¹

àÃÒÊÒÁÒÃ¶ºˆ§ªÕé¡ÒÃà»ÅÕèÂ¹á»Å§ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ·Õèà¡Ô´¢Öé¹¨Ò¡»’¨¨ÑÂ´Ñ§¡ÅˆÒÇ ä´‰¨Ò¡¡ÒÃ»ÃÐàÁÔ¹

ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁâ´Âãª‰¤ˆÒ¢Í§´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒ

á»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§áººàÍáÅÐáºººÕà»“¹µÑÇºˆ§ªÕé. ¨Ò¡¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð àÃÒ¾ºÇˆÒ´ÃÃª¹Õ

ÊÁÃÃ¶¹Ð·ÕèÁÕ¤ÇÒÁàËÁÒÐÊÁáÅÐÊÁ¨ÃÔ§¡ÑºÊÀÒÇÐ¢Í§Ç§¤Çº¤ØÁ·Õè¾Ô¨ÒÃ³ÒÁÒ¡·ÕèÊØ´¤×Í ´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ «Öè§à»“¹´ÃÃª¹ÕÊÁÃÃ¶¹Ð·ÕèäÁˆá»Ã¼Ñ¹µÒÁàÇÅÒáÅÐä´‰¨Ò¡ÇÔ¸Õ¡ÒÃ¤íÒ¹Ç³

·Õè¤íÒ¹Ö§¶Ö§¤ÇÒÁäÁˆá¹ˆ¹Í¹¢Í§¢‰ÍÁÙÅ.

ã¹µÍ¹·‰ÒÂ àÃÒä´‰¨íÒÅÍ§¼Å¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐººä¿¿„Ò¡íÒÅÑ§áºº¤Çº¤ØÁ¤ÇÒÁ¶Õè 1 à¢µ

áÅÐ»ÃÐÂØ¡µŒãª‰¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¡ÑºÃÐºº¤Çº¤ØÁà¤Ã×èÍ§áÅ¡à»ÅÕèÂ¹¤ÇÒÁÃ‰Í¹ à¾×èÍà»ÃÕÂºà·ÕÂº¼Å

¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁº¹¤ˆÒÁÒµÃ°Ò¹·Ñé§ÊÕèáºº. ¨Ò¡µÑÇÍÂˆÒ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

¾ºÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹áºººÕ¹Ñé¹ÊÒÁÒÃ¶ºˆ§ªÕé¡ÒÃà»ÅÕèÂ¹á»Å§·Õèà¡Ô´¢Öé¹ÀÒÂã¹

Ç§¤Çº¤ØÁä´‰ªÑ´à¨¹¡ÇˆÒáÅÐÊÁ¨ÃÔ§¡ÇˆÒ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áººÍ×è¹.

6.2 ¢‰ÍàÊ¹Íá¹Ðã¹§Ò¹ÇÔ¨ÑÂ¹Õé

1. áÁ‰ÇˆÒ¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´ áÅÐ´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒ

ÊØ´¤§·¹·Ñé§áººàÍáÅÐáºººÕ µ‰Í§¡ÒÃá¤ˆà¾ÕÂ§¢‰ÍÁÙÅÊÑ­­Ò³ÍÍ¡¢Í§Ç§¤Çº¤ØÁà·ˆÒ¹Ñé¹. áµˆ¡ÒÃ
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»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹Ð·Ñé§ÊÍ§áºº à»“¹à¾ÕÂ§¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

·ÕèÊÀÒÇÐÍÂÙˆµÑÇ â´ÂäÁˆä´‰¾Ô¨ÒÃ³ÒÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº¤ØÁ·ÕèÊÀÒÇÐªÑèÇ¤ÃÙˆ.

2. ¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ðã¹§Ò¹ÇÔ¨ÑÂ¹Õé àÃÒ¨íÒ¡Ñ´ª¹Ô´¢Í§¡ÒÃÃº¡Ç¹·Õè¡ÃÐ·íÒµˆÍÇ§¤Çº¤ØÁà»“¹

ÊÑ­­Ò³Ãº¡Ç¹áººÊØˆÁà·ˆÒ¹Ñé¹.

3. ÃÐºº¤Çº¤ØÁ·ÕèÈÖ¡ÉÒã¹§Ò¹ÇÔ¨ÑÂ¹Õéà»“¹à¾ÕÂ§ÃÐººÊÑ­­Ò³à¢‰ÒË¹Öè§ÊÑ­­Ò³ - ÊÑ­­Ò³ÍÍ¡Ë¹Öè§

ÊÑ­­Ò³ (SISO) ¨Ö§¤ÇÃÁÕ¡ÒÃ¢ÂÒÂ¼Åä»ÊÙˆ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð¢Í§ÃÐºº¤Çº¤ØÁ·ÕèÁÕÊÑ­­Ò³à¢‰Ò

ËÅÒÂÊÑ­­Ò³ - ÊÑ­­Ò³ÍÍ¡ËÅÒÂÊÑ­­Ò³ (MIMO) «Öè§ÁÕ¤ÇÒÁ«Ñº«‰Í¹ÁÒ¡¢Öé¹ àªˆ¹ ÃÐººä¿¿„Ò

¡íÒÅÑ§ÊÍ§à¢µ¡ÒÃ¤Çº¤ØÁ, ÃÐººËÍ¡ÅÑè¹áÂ¡ÊÒÃ¼ÊÁ à»“¹µ‰¹.

4. ¤ÇÃÁÕ¡ÒÃÈÖ¡ÉÒáÅÐ¢ÂÒÂ¢Íºà¢µ¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð à¾×èÍ¹íÒ¼Å·Õèä´‰¨Ò¡¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ð

ä»ãª‰ã¹¡ÒÃ»ÃÑº¤ˆÒ¾ÒÃÒÁÔàµÍÃŒ¢Í§µÑÇ¤Çº¤ØÁµˆÍä».

5. à¹×èÍ§¨Ò¡¡ÒÃà»ÅÕèÂ¹á»Å§¾ÒÃÒÁÔàµÍÃŒ¢Í§¡ÃÐºÇ¹¡ÒÃà»“¹»’¨¨ÑÂÊíÒ¤Ñ­·Õè·íÒãË‰ÊÁÃÃ¶¹Ð¢Í§Ç§¤Çº

¤ØÁà»ÅÕèÂ¹á»Å§. ÊÔè§·Õè¹ˆÒÈÖ¡ÉÒµˆÍä»¤×Í¡ÒÃ¹íÒ¢Ñé¹µÍ¹ÇÔ¸Õ¡ÒÃÅÙˆÍÍ¡¢Í§áºº¨íÒÅÍ§ 2 áºº¨íÒÅÍ§

(two-model divergence algorithm) [21]ÁÒãª‰ÃˆÇÁ¡Ñº¡ÒÃ»ÃÐàÁÔ¹ÊÁÃÃ¶¹Ðâ´Âãª‰´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹.
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ÀÒ¤¼¹Ç¡ ¡

â»Ãá¡ÃÁ¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð

ã¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹Ð ä´‰áºˆ§â»Ãá¡ÃÁ·Õèãª‰¤íÒ¹Ç³ÍÍ¡à»“¹ 3 â»Ãá¡ÃÁ. â»Ãá¡ÃÁáÃ¡

¤×Í mvindex.m à»“¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´·Ñé§áººàÍáÅÐáºººÕ. â»Ãá¡ÃÁ

·ÕèÊÍ§¤×Í rmvindex.m à»“¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§áººàÍáÅÐáºººÕ.

â´ÂÀÒÂã¹µÑÇâ»Ãá¡ÃÁ rmvindex.m ¨ÐÁÕ¡ÒÃàÃÕÂ¡ãª‰ socp.m [22] à¾×èÍá¡‰»’­ËÒ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¤§

·¹. â»Ãá¡ÃÁÊØ´·‰ÒÂ¤×Í indexdelay.mà»“¹¡ÒÃ¤íÒ¹Ç³´ÃÃª¹ÕÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´áÅÐ´ÃÃª¹Õ

ÊÁÃÃ¶¹ÐÍÔ§¤ˆÒá»Ã»ÃÇ¹µíèÒÊØ´¤§·¹·Ñé§áººàÍáÅÐºÕ·Õè¤ˆÒàÇÅÒ»ÃÐÇÔ§ d µˆÒ§æ.

1. mvindex.m

function [Pmva, Pmvb, mva, mvb] = mvindex(data, timedelay, idsize, na)

%

% =================================================== %

% Calculate the Performane index based on minimum variance (etamv).

% =================================================== %

% etamv = mv/vy

% mv - minimum variance

% vy - output variance

%

% Input and/or output parameters may be omitted, starting from the end.

% For input parameters, default values are then used.

% This is also done when a parameter is the empty list, [ ].

% The shortest calling sequence is :

%

% [Pmva, Pmvb, mva, mvb] = mvindex(data, timedelay).

% Pmva - Performance index based on minimum variance Type-A.

% Pmvb - Performance index based on minimum variance Type-B.

% mva -Minimum variance Type-A.

% mvb - Minimum variance Type-B.

%

% INPUT ARGUMENTS :

% data - the output or error from closed-loop system.

% timedelay - the time delay of process.

% idsize - the number of data in each section.

% na - the order of Auto-regressive model.

% ================== %

% min. num. of parameters.

% ================== %

Nin=2;
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if nargin < Nin + 2,

idsize = [ ];

if nargin < Nin + 1,

na = [ ];

if nargin < Nin,

error(‘ insuficient number of parameters. ’);

end;

end;

end;

% ==================== %

% Check dim. of output data.

% ==================== %

if isempty(data),

error(‘data is not specifided’);

elseif min(size(data))∼ = 1,

error(‘ Only scalar time series data can be handled. ’);

else y = data(:);

end;

Ny = length(y);

% ======================= %

% Number of data in each section.

% ======================= %

if isempty(idsize),

idsize = Ny;

if idsize > 5000,

idsize = 5000;

end;

elseif max(size(idsize))∼= 1,

error(‘ Number of data in each section must be a scalar. ’);

else idsize = idsize;

end;

% ================== %

% Index of the last iteration.

% ================== %

nn = floor(Ny/idsize);

% ======================= %

% Specify the order of AR model.

% ======================= %

if isempty(na),

na = floor(0.01 * idsize);

if na < 10,

na = 10;

end;

elseif max(size(na))∼ = 1,

error(‘ Order of AR model must be a scalar. ’);

else na = na;

end;

% ======================= %
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% ====================================================================== %

% Seperate data y into section.

% ====================================================================== %

for n = 1 : nn

yident(1 : idsize, n) = y( 1 + idsize * (n - 1) : n * idsize );

% ===================================================== %

% Form data to matrix relation z = Y * phil, Y is Toeplitz matrix of data y.

% ===================================================== %

z = -yident(na + 1 : idsize, n);

% Output variance of each section.

vy(n) = var(z);

% The first column and row of Toeplizt matrix.

Cy = yident(na : idsize - 1, n);

Ry = fliplr( yident(1 : na, n)′ );

% The Toeplitz matrix.

Y = toeplitz(Cy, Ry);

% ================================================== %

% Find coeff. of Auto-regressive model (phil) by solving LS problem.

% ================================================== %

phi l = inv(Y ′ * Y) * Y ′ * z;

% Estimate the disturbance from the residue of LS problem.

wl( : , n) = -z + Y * phi l;

% Calculate variance of the disturbance.

vwl(n) = var( wl( : , n) );

% ====================================== %

% Find the coeff. of Moving Average model (thetal).

% ====================================== %

thetal(1) = -phi l(1);

for i = 2 : na,

for j = 1 : i - 1,

lx(j) = theta l(i - j) * phi l(j);

thetal(i) = -phi l(i) - lx(j);

end;

clear lx

end;

% ================================================ %

% Calculate Performance Index based on minimum variance Type A.

% ================================================ %

Fphi l = [1; theta l′];

% Minimum variance Type A of each section

mva(n) = vwl(n) * Fphi l(1 : timedelay)′ * Fphi l(1 : timedelay);

% Performance index based on mv Type A of each section

Pmva(n) = mva(n)/vy(n);

% ================================================ %

% Calculate Performance Index based on minimum variance Type B.

% ================================================ %

numphi l = 1; denphil = [1 (phi l′)];

% For the representative section

if n == 1,

dl0 = denphil;
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Fl0 = Fphi l(1 : timedelay);

mvb(1) = mva(1);

Pmvb(1) = Pmva(1);

end;

% For the other section

if n < 1,

dl1 = denphil;

numl10 = conv(dl0, Fl0);

denl10 = [dl1 zeros(1, timedelay)];

yl10 = dlsim(numl10, denl10, wl);

mvb(n) = var(yl10);

Pmvb(n) = mvb(n)/vy(n);

end;

end;

%—————————————————————————————————————————————————— %

2. rmvindex.m

function [Prmva,Prmvb,rmva,rmvb]=rmvindex(data,timedelay,alpha,rhosize,rhomin,rhomax,idsize,na)

%

% ========================================================= %

% Calculate the Performanc index based on robust minimum variance (etarmv)

% ========================================================= %

% etarmv = rmv/vy

% rmv - robust minimum variance

% vy - output variance

%

% Input and/or output parameters may be omitted, starting from the end.

% For input parameters, default values are then used.

% This is also done when a parameter is the empty list, [ ].

% The shortest calling sequence is :

%

% [Prmva, Prmvb, rmva, rmvb] = rmvindex(data,timedelay,alpha)

% Prmva - Performance index based on robust minimum variance Type-A

% Prmvb - Performance index based on robust minimum variance Type-B

% rmva - Robust minimum variance Type-A

% rmvb - Robust minimum variance Type-B

%

% INPUT ARGUMENTS :

% data - the output or error from closed-loop

% timedelay - the time delay of process

% alpha - the constant defining the uncertainty level of output data => norm( deltay(k) ) < alpha

% rhosize - the constant defining the uncertainty level of matrix Delta => Delta = [DeltaA Delta b]

% rhomin - the lower bound of rho

% rhomax - the upper bound of rho

% na - the order of Auto-regressive model

% idsize - the number of data in each section

% ================== %

% min. num. of parameters.

% ================== %
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Nin=2;

if nargin < Nin + 6,

na = [ ];

if nargin < Nin + 5,

idsize = [ ];

if nargin < Nin + 4

rhomax = [ ];

if nargin < Nin + 3

rhomin = [ ];

if nargin < Nin + 2

rhosize = [ ];

if nargin < Nin + 1

alpha = [ ];

if nargin < Nin,

error(‘ insuficient number of parameters. ’);

end;

end;

end;

end;

end;

end;

end;

% =================== %

% Check dim. of output data.

% =================== %

if isempty(data),

error(‘ data is not specifided ’);

elseif min(size(data))∼ = 1,

error(‘ Only scalar time series data can be handled. ’);

else y = data(:);

end;

Ny = length(y);

% =================== %

% Check dim. of timedelay.

% =================== %

if isempty(timedelay),

error(‘ timedelay is not specifided. ’);

elseif min( size(timedelay) )∼ = 1,

error(‘ Value of timedelay must be a scalar. ’);

else timedelay = timedelay;

end;

% ======================== %

% Number of data in each section.

% ======================== %

if isempty(idsize),

idsize = Ny;

if idsize > 5000,

idsize = 5000;

end;

elseif max(size(idsize))∼ = 1,
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error(‘ Number of data in each section must be a scalar. ’);

else idsize = idsize;

end;

% ================== %

% Index of the last iteration.

% ================== %

nn = floor(Ny/idsize);

% ======================= %

% Specify the order of AR model.

% ======================= %

if isempty(na),

na = floor(0.01 * idsize);

if na < 10,

na =10;

end;

elseif max( size(na) )∼ = 1,

error(‘ Order of AR model must be a scalar. ’);

else na = na;

end;

% ================== %

% Define the value of rho.

% ================== %

if isempty(alpha),

if isempty(rhosize),

rho = 1;

else rhosize = rhosize;

end;

elseif max( size(alpha) )∼ = 1,

error(‘ Bound of output uncertainty must be a scalar. ’);

else bound = alpha * sqrt( (idsize - na) * (na + 1) );

if isempty(rhosize),

rho = bound;

elseif max( size(rhosize) )∼ = 1,

error(‘ Bound of matrix uncertainty must be a scalar. ’);

else rhosize = rhosize;

end;

end;

% Upper bound of rho

if isempty(rhomax),

rho max = rhosize;

elseif max(size(rhomax))∼ = 1,

error(‘ Upper bound of matrix uncertainty must be a scalar. ’);

else rhomax = rhomax;

end;

% Lower bound of rho

if isempty(rhomin),

rho min = rho size;

elseif max( size(rhomin) )∼ = 1,

error(‘ Lower bound of matrix uncertainty must be a scalar. ’);

else rhomin = rhomin;
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end;

rhos = [rhomin, rho size, rhomax];

nr = length(rhos);

% ====================================================================== %

% Seperate data y into section.

% ====================================================================== %

for r = 1 : 1 : nr,

rho = rhos(r);

for n = 1 : nn,

yident(1 : idsize, n) = y( 1 + idsize * (n - 1) : n * idsize );

% ========================================================================== %

% Form data to matrix relation (z + Deltaz) = (Y + Delta Y) * phi r, Y is Toeplitz matrix of data y.

% ========================================================================== %

z = -yident(na + 1 : idsize, n);

% Output variance of each section

vy(n) = var(z);

% The first column and row of Toeplizt matrix

Cy = yident(na : idsize -1, n);

Ry = fliplr( yident(1 : na, n)′ );

% The Toeplitz matrix

Y = toeplitz(Cy, Ry);

% ============================================ %

% Formulate the Rubust least square (RLS) problem to SOCP.

% ============================================ %

Nz = length(z);

[NY1, NY2] = size(Y);

f = [zeros(1, NY2) 1 0];

A1 = [Y zeros(NY1, 1) zeros(NY1, 1)];

[NA11, NA12] = size(A1);

A2 = [rho * eye(NY2) zeros(NY2, 1) zeros(NY2, 1); zeros(1, NY2) zeros(1, 1) zeros(1, 1)];

[NA21, NA22] = size(A2);

A = [A1; A2];

N=[NA11; NA21];

b1 = -z; b2 = [zeros(NY2,1); rho]; b = [b1; b2];

c1 = [zeros(1, NY2) 1 -1]′; c2 = [zeros(1, NY2) 0 1]′; C = [c1′; c2′];

d1 = 0; d2 = 0; d = [d1; d2];

% ============================================= %

% Find solution x of RLS problem by solving the SOCP

% [x, info, z, w, hist, time] = socp(f, A, b, C, d, N)

% ============================================= %

x = socp(f, A, b, C, d, N);

% Get coeff. of Auto-regressive model (phir).

phi r = x(1 : length(x) - 2);

% Estimate the disturbance from the residue of RLS problem.

wr = -z + Y * phi r;

% Calculate variance of the disturbance.

vwr(n, r) = var(wr);

% ========================================== %

% Find the coeff. of Moving Average model (thetar).

% ========================================== %
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thetar(1) = -phi r(1);

for i = 2 : na,

for j = 1 : i - 1,

rx(j) = thetar(i - j) * phi r(j);

thetar(i) = -phi r(i) - rx(j);

end;

clear rx

end;

% ====================================================== %

% Calculate Performance Index based on robust minimum variance Type A.

% ====================================================== %

Fphi r = [1; thetar′];

% Robust minimum variance Type A of each section

rmva(n, r) = vwr(n,r) * Fphir(1 : timedelay)′ * Fphi r(1 : timedelay);

% Performance index based on robust mv Type A of each section

Prmva(n, r) = rmva(n, r)/vy(n);

% ====================================================== %

% Calculate Performance Index based on robust minimum variance Type B

% ====================================================== %

numphi r = 1; denphir = [1 phi r′];

% For the representative section

if n == 1,

dr0 = denphir;

Fr0 = Fphi r(1 : timedelay);

rmvb(1, r) = rmva(1, r);

Prmvb(1, r) = Prmva(1, r);

end;

% For the other section

if n > 1,

dr1 = denphir;

numr10 = conv(dr0, Fr0);

denr10 = [dr1 zeros(1, timedelay)];

yr10 = dlsim(numr10, denr10, wr);

rmvb(n, r) = var(yr10);

Prmvb(n, r) = rmvb(n, r)/vy(n);

end;

% =================================================================== %

end;

end;

%—————————————————————————————————————————————————— %

3. indexdelay.m

function [Pmva,Pmvb,Prmva,Prmvb,rho] = indexdelay(data,alpha,rho,maxdelay,idsize,na)

%

% Performance index with varing timedelay

% =================================================================== %

% Calculate the Performanc index based on minimum variance (etamv)

% =================================================================== %

% etamv = mv/vy
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% mv - minimum variance

% vy - output variance

%

% and

%

% =================================================================== %

% Calculate the Performanc index based on robust minimum variance (etarmv)

% =================================================================== %

% etarmv = rmv/vy

% rmv - robust minimum variance

% vy - output variance

%

% Input and/or output parameters may be omitted, starting from the end.

% For input parameters, default values are then used.

% This is also done when a parameter is the empty list, [ ].

% The shortest calling sequence is :

%

% [Pmva, Pmva, Prmva, Prmvb] = indexdelay(data)

%

% INPUT ARGUMENTS :

% data - the output or error from closed-loop

% alpha - the constant defining the uncertainty level of output data => norm( deltay(k) ) < alpha

% rho - the constant defining the uncertainty level of matrix Delta => Delta = [DeltaA Delta b]

% maxdelay - the maximum time delay of process

% idsize - the number of data in each section

% na - the order of Auto-regressive model

%

% ================== %

% min. num. of parameters.

% ================== %

Nin = 1;

if nargin < Nin + 5,

na = [ ];

if nargin < Nin + 4,

idsize = [ ];

if nargin < Nin + 3,

maxdelay = [ ];

if nargin < Nin + 2,

rho = [ ];

if nargin < Nin + 1,

alpha = [ ];

if nargin < Nin,

error(‘ insuficient number of parameters ’);

end;

end;

end;

end;

end;

end;
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% =================== %

% Check dim. of output data.

% =================== %

if isempty(data),

error(‘ data is not specifided. ’);

elseif min( size(data) )∼ = 1,

error(‘ Only scalar time series data can be handled. ’);

else y = data(:);

end;

Ny = length(y);

% ======================== %

% Number of data in each section.

% ======================== %

if isempty(idsize),

idsize = Ny;

if idsize > 5000,

idsize = 5000;

end;

elseif max( size(idsize) )∼ = 1,

error(‘ Number of data in each section must be a scalar. ’);

else idsize = idsize;

end;

% ================== %

% Index of the last iteration

% ================== %

nn = floor(Ny/idsize);

% ======================= %

% Specify the order of AR model.

% ======================= %

if isempty(na),

na = floor(0.01 * idsize);

if na < 10,

na =10;

end;

elseif max( size(na) )∼ = 1,

error(‘ Order of AR model must be a scalar. ’);

else na = na;

end;

% ================== %

% Define the value of rho.

% ================== %

if isempty(alpha),

if isempty(rhosize),

rho = 1;

else rho = rhosize;

end;

elseif max( size(alpha) )∼ = 1,

error(‘ Bound of output uncertainty must be a scalar. ’);

else bound = alpha * sqrt( (idsize - na) * (na + 1) );

if isempty(rhosize),
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rho = bound;

elseif max( size(rhosize) )∼ = 1,

error(‘ Bound of matrix uncertainty must be a scalar. ’);

else rho = rhosize;

end;

end;

% =============================== %

% Check dim. of maximum value of timedelay.

% =============================== %

if isempty(maxdelay),

maxdelay = na;

elseif min( size(maxdelay) )∼ = 1,

error(‘ Maximum value of timedelay must be a scalar. ’);

else maxdelay = maxdelay;

end;

% ====================================================================== %

% Seperate data y into section.

% ====================================================================== %

for timedelay = 1 : maxdelay,

for n=1 : nn,

yident(1 : idsize , n) = y( 1 + idsize*(n-1) : n * idsize );

% ========================================================================== %

% Form data to matrix relation (z + Deltaz) = (Y + Delta Y) * phi r, Y is Toeplitz matrix of data y.

% ========================================================================== %

z = -yident(na + 1 : idsize, n);

% Output variance of each section

vy(n) = var(z);

% The first column and row of Toeplizt matrix

Cy = yident(na : idsize -1, n);

Ry = fliplr( yident(1 : na, n)′ );

% The Toeplitz matrix

Y = toeplitz(Cy, Ry);

% ============================================ %

% Formulate the Rubust least square (RLS) problem to SOCP.

% ============================================ %

Nz = length(z);

[NY1, NY2] = size(Y);

f = [zeros(1, NY2) 1 0];

A1 = [Y zeros(NY1, 1) zeros(NY1, 1)];

[NA11, NA12] = size(A1);

A2 = [rho * eye(NY2) zeros(NY2, 1) zeros(NY2, 1); zeros(1, NY2) zeros(1, 1) zeros(1, 1)];

[NA21, NA22] = size(A2);

A = [A1; A2];

N=[NA11; NA21];

b1 = -z; b2 = [zeros(NY2,1); rho]; b = [b1; b2];

c1 = [zeros(1, NY2) 1 -1]′; c2 = [zeros(1, NY2) 0 1]′; C = [c1′; c2′];

d1 = 0; d2 = 0; d = [d1; d2];

% ============================================= %

% Find solution x of RLS problem by solving the SOCP.

% [x, info, z, w, hist, time] = socp(f, A, b, C, d, N).
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% ============================================= %

x = socp(f, A, b, C, d, N);

phi r = x(1 : length(x) - 2);

wr = -z + Y * phi r;

vwr(n) = var(wr);

% ======================================= %

% Find the coeff. of Moving Average model (thetar).

% ======================================= %

thetar(1) = -phi r(1);

for i = 2 : na,

for j = 1 : i - 1

rx(j) = thetar(i - j) * phi r(j);

thetar(i) = -phi r(i) - rx(j);

end;

clear rx

end;

% ======================================================= %

% Calculate Performance Index based on robust minimum variance Type A.

% ======================================================= %

Fphi r( : , n) =[1; thetar′];

% Robust minimum variance Type A of each section

rmva(n, timedelay) = vwr(n) * Fphir(1 : timedelay, n)′ * Fphi r(1 : timedelay, n);

% Performance index based on robust mv Type A of each section

Prmva(n, timedelay) = rmva(n, timedelay)/vy(n);

% ======================================================== %

% Calculate Performance Index based on robust minimum variance Type B.

% ======================================================== %

numphi r = 1;

denphir = [1 (phi r′)];

% For the representative section

if n == 1,

dr0 = denphir;

Fr0 = Fphi r(1 : timedelay, n);

rmvb(1, timedelay) = rmva(1, timedelay);

Prmvb(1, timedelay) = Prmva(1, timedelay);

end

% For the other section

if n > 1,

dr1 = denphir;

numr10 = conv(dr0, Fr0);

denr10 = [dr1 zeros(1, timedelay)];

yr10 = dlsim(numr10, denr10, wr);

rmvb(n, timedelay) = var(yr10);

Prmvb(n, timedelay) = rmvb(n, timedelay)/vy(n);

end

% ================================================== %

% Find coeff. of Auto-regressive model (phil) by solving LS problem.

% ================================================== %

phi l = inv(Y ′ * Y) * Y ′ * z;

% Estimate the disturbance from the residue of LS problem.
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wl( : , n) = -z + Y * phi l;

% Calculate variance of the disturbance.

vwl(n) = var( wl( : , n) );

% ====================================== %

% Find the coeff. of Moving Average model (thetal).

% ====================================== %

thetal(1) = -phi l(1);

for i = 2 : na,

for j = 1 : i - 1,

lx(j) = theta l(i - j) * phi l(j);

thetal(i) = -phi l(i) - lx(j);

end;

clear lx

end;

% ================================================== %

% Calculate Performance Index based on minimum variance Type A.

% ================================================== %

Fphi l( : , n) = [1; thetal′];

% Minimum variance Type A of each section

mva(n, timedelay) = vwl(n) * Fphil(1 : timedelay, n)′ * Fphi l(1 : timedelay, n);

% Performance index based on mv Type A of each section

Pmva(n, timedelay) = mva(n, timedelay)/vy(n) ;

% ================================================== %

% Calculate Performance Index based on minimum variance Type B.

% ================================================== %

numphi l = 1; denphil = [1 (phi l′)];

% For the representative section

if n == 1,

dl0 = denphil;

Fl0 = Fphi l(1 : timedelay, n);

mvb(1, timedelay) = mva(1, timedelay);

Pmvb(1, timedelay) = Pmva(1, timedelay)

end;

% For the other section

if n > 1,

dl1 = denphil;

numl10 = conv(dl0, Fl0);

denl10 = [dl1 zeros(1, timedelay)];

yl10 = dlsim(numl10, denl10, wl);

mvb(n, timedelay) = var(yl10);

Pmvb(n, timedelay) = mvb(n, timedelay)/vy(n);

end;

% =================================================================== %

end;

end;

%—————————————————————————————————————————————————— %
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ÇÔÈÇ¡ÃÃÁÈÒÊµÃºÑ³±Ôµ ¨Ò¡ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³ÐÇÔÈÇ¡ÃÃÁÈÒÊµÃŒ ÁËÒÇÔ·ÂÒÅÑÂ¢Í¹á¡ˆ¹ ã¹

»•¡ÒÃÈÖ¡ÉÒ 2543 áÅÐÈÖ¡ÉÒµˆÍã¹ËÅÑ¡ÊÙµÃÇÔÈÇ¡ÃÃÁÈÒÊµÃÁËÒºÑ³±Ôµ ÀÒ¤ÇÔªÒÇÔÈÇ¡ÃÃÁä¿¿„Ò ¤³Ð
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